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2SUMMARY
This thesis describes a programme of study of the distribution of 
light flux within interiors and, in particular, some aspects of 
prediction and measurement. After a brief survey of the dev­
elopment of methods of lighting calculation, work is described 
which resulted in the recommended method of selecting a suitable 
maximum value of spacing to mounting height ratio which was 
published by the Illuminating Engineering Society in 1971.
Further work is described showing additional factors that must be 
taken into account when applying the method.
This is followed by a discussion of the methods of illuminance 
calculation in current use. The work, by others, which has a 
bearing on the present position with regard to the distribution of 
light flux in the enclosed space is reviewed and it is shown that 
the geometric mean of the cylindrical and horizontal illuminance 
may be a better indication of total illuminance than is scalar 
illuminance.
The construction of a model room is described and a series of 
experiments using this room are detailed. This study confirms 
that the Bean and Esterson table, specifying the number of points 
of measurement required to estimate average illuminance, published 
in the 1968 I.E.S. Code is reliable, and that the use of finite .. 
difference equations for predicting utilance values is satisfactory.
The study demonstrates some of the difficulties associated with the 
use of sharp cut-off bat-wing distributions, and that a satisfactory 
MPR value does not ensure satisfactory uniformity at the walls.
In the final section work is described in which measurements of 
illuminance were made and photographs taken to illustrate the 
lighting condition at a point. It is shown that the currently 
proposed illuminance ratios successfully predict most of the changes 
observed.
Where appropriate recommendations are made, together with suggestions 
for further studies.
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OF THE DEFINITIONS OF THE PRINCIPAL SYMBOLS USED.
mounting height of the luminaires above the work plane
"dispersive angle" introduced by McWhirter; the angle
at which the illuminance at a point P will.be a
maximum when the point is displaced by a fixed distance
from the point directly beneath the luminaire.
spacing between adjacent luminaires in a.row or the
spacing between rows.
spacing to mounting height ratio.
horizontal plane, illuminance at reference point 2,
at the centre of the array.
horizontal plane illuminance at reference point 1, 
under the luminaire nearest to the centre.of the 
array.
midpoint ration the ratio Ep2/Epl.
prefix to the numbers denoting the various intensity
distributions used to establish the British Zonal
method of calculating utilisation factors.
length of a.line source.
ratio of the length of a line source to its mounting 
height.
to denote an axial intensity distribution.
to denote a transverse intensity distribution.
uniform reflected component of illuminance.
uniformity ratio for direct illuminance.
uniformity ratio for total illuminance.
mean direct illuminance.
utilisation factor of actual room.
utilisation factor for a black room.
correction factor for reflected component given in
I.E.S. Technical Report No.2.
= l-URT
1“URD
luminous intensity at angle 6 to the downward vertical, 
angle measured with respect to the normal on the axial. 
distribution curve, or alternatively, for a line sources 
the angle subtended at the illuminated point directly 
opposite one end of the source by the ends of the line 
source.
5the arjglfe of elevation in the transverse direction 
of an axial plane.
AF aspect factor; function of the angle subtended by a
line source at a point and of the axial intensity 
distribution of the source, used in the calculation 
of illuminance at that point.
J sector flux; quotient of the luminous flux emitted by
unit length of a line source in the sector included 
between two planes passing through the source enclos­
ing the given direction and making between them an 
infinitesimal angle by that angle.
1 ,^ luminous intensity in the transverse direction at an
angle & to the downward vertical.
Z horizontal.distance from the point directly beneath
the source to the illuminated point.
Ec cylindrical illuminance; the average illuminance on
the curved surface of an infinitesimal right circular 
cylinder located at the point of interest and 
oriented so that its axis is vertical.
Eh horizontal illuminance at a point.
Es scalar illuminance; the average illuminance on the
surface of an infinitesimal sphere located at the 
point of interest.
Ec/Eh ratio of cylindrical to horizontal illuminance.
Es/Eh ratio of scalar to horizontal illuminance.
Ev vertical illuminance at a point.
(f) angle of incidence of the light flux with respect to
the normal at the curved surface of a sphere, or the 
projection of the angle of incidence with respect to 
the normal at the curved surface of a cylinder.
Ec2 cylindrical illuminance at reference point 2.
Eel cylindrical illuminance at reference point 1.
Eol, Eo2, Eo3 average values of direct illuminance of ceiling, 
work plane and walls respectively.
El, E2, E3 average values of total illuminance of ceiling, work 
plane and walls respectively.
Pl3 p2, P3? reflectance of ceiling, work plane and walls 
respectively..
h distance from work plane to ceiling.
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Ds
X, Y, Z,
DR
A DR 
A E o3 
CR
ACR
E
d
Q
Qs
room index*
F -j width of room x length of room
U^a mounting height (width + length)
room ratio.
E ual to °f room x length of room
height of ceiling above work plane 
x (width + length)
surface distribution factor; the proportion of the
flux emitted by the ceiling which reaches the work
plane directly.
N interreflection factors;
X= (1 + Ds.?2) ;
Y =  L _1 1 + Ds.ta ;
Z= Rr(l-Ds) ;
2
1
N= 1 - ^ 3 (l-(l-Ds)Rr).
direct ratio; the proportion of downward flux from 
the luminaires which is directly incident on the work 
plane.
magnitude of the error in the direct ratio,
magnitude of the error in the direct wall illuminance,
ceiling ratio; the proportion of upward flux from the 
luminaires which is directly incident on the ceiling,
magnitude of the error in the ceiling ratio,
luminous intensity in the axial direction at an 
angle oC to the downward vertical, 
illumination vector; a vector whose magnitude and 
direction indicate the maximum difference in ilium-, 
inance which occurs between opposite sides of a.small 
test plane as it is rotated in all directions about 
a point.
the distance of the illuminated point from the.source 
used in the inverse-square law equation, 
calibration constant, relating the digital voltmeter 
readings to the horizontal illuminance produced by the 
lamp used as a standard.
calibration constant relating the digital voltmeter 
readings to the scalar illuminance produced by the 
lamp used as a standard.
7fab
Af B. C
factors which determine the flux emerging from the 
curved surface of a sector solid of stated angle and 
of the same length as the source. They are used to 
determine the flux received by surfaces parallel to 
the axis of the source.
ratio of the flux received by surface b to the flux 
emitted by surface a. 
illuminance factors.
subscripts 1, 2 and 3 refer to the ceiling, work plane 
and walls respectively, 
ceiling luminance, 
wall luminance.
r
A = f33 - ;
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PART ONE
1. INTRODUCTION.
The purpose of this work is to study the distribution of light 
flux within a lighted interior and in particular some aspects 
of prediction and measurement.
Although subjective studies are not being undertaken the results 
of such studies by other workers are discussed where they have a 
bearing on the present work.
The work is divided into two parts. This part deals with
theoretical matters which relate to practical problems, 
encountered in routine lighting design. The second part is 
a description of experimental work undertaken to compare 
practical measurements with theoretical predictions, and also 
to study some aspects of flux distribution unsuited to purely 
mathematical investigation.
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2o THE CALCULATION OF ILLUMINANCE.
2ol Introduction,
The method for calculating the direct illuminance at a point or 
over an area has long been established and it was employed by 
Lambert in 1760 (2,1), The concept of the point source of 
light together with its associated luminous intensity distrib­
ution has proved a powerful analytical tool*, since finite sources 
may be considered to consist of a.large number of point sources9 
each with its own intensity distribution (2,2), Once the light 
distributing properties of a.source have been described in terms, 
of a quantity such as luminous intensity the inverse-square law. 
and the cosine law of illumination may be applied to solve 
problems of light flux distribution.
Many books have been written dealing with this type of calcul­
ation and perhaps special mention should.be made of those of 
Bloch5 Higbie<j Moon5 Fedorov and particularly Zijl who 
independantly solved a large number of illuminance and flux 
transfer problems. The books referred to above are listed in 
the references (2,3)® Bean and Simons devote four chapters of 
the book "Lighting fittings - Performance and Design" to 
illuminance and flux calculations and the methods of calculation 
used in the present work will*, for the most part5 be found in 
that bbok. The early work of the writer in the field of 
lighting calculations is contained in I.E.S. Monographs numbers 
7 and 8 (2.2).
A notable. book dealing with lighting calculations is.that of 
Gershun entitled "The Light Field" and.published in 1936 (2.4). 
This book departs from the concept of luminous intensity as the 
main property of the light source and. considers a light field, 
expressed in. terms, of mean spherical illuminance*, the illumin­
ation vector and. the brightness of a.ray. The mean spherical 
illuminance and the illumination vector have featured in a number 
of recent papers dealing with the adequacy and quality of interior 
lighting and.are therefore dealt with in later sections of this 
work.
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A major problem associated with calculations for interior lighting 
installations was for many years the estimation of the reflected 
component of illuminance. From about 1920 the results of 
experimental work by Harrison and Anderson (2.5) were used to 
estimate the total mean illuminance at the work plane. In due 
course Yamauti (2.6) evaluated flux transfer functions for 
uniformly diffusing rectangular surfaces, Buckley (2.7) obtained 
the solution for interreflections within a cylinder, while 
Hisano (2.8) produced a theoretical and experimental justification 
for the room index concept which had already been used by Harrison 
and Anderson.
Moon and Spencer (2.9) obtained approximate solutions to the 
integral equations relating to square rooms which enabled Jones 
and Niedhart (2.10) to apply the results to produce a mathematic­
ally derived replacement for the Harrison and Anderson data.
Jones and.Niedhart (2.11) developed an alternative to the ty0011 
and Spencer method based on tracing the path of the light flux as 
it was reflected from each surface in turn. The method relied on 
an ingenious form of notation and tabulation and they called their 
paper "Algebraic Interflectance Computations". This method does 
not appear to have been used since, probably because of difficulty 
in applying it to the more complex problems.
Waldram (2.12) demonstrated that if the required final surface 
luminances are known then the necessary direct illuminance values 
can be obtained by setting up an equation of the forms
Direct illuminance = Total illuminance — illuminance contributed by
reflection from all surfaces
The total illuminance and the reflected illuminance may be calcul- 
/ ated if the required final luminances are known.
Dourgnon, O'Brien and others (2.13) have shown that sets of 
equations of this type may be used to calculate the final 
luminance and illuminance values, given the direct illuminance 
values.
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The utilisation factor data contained in the 1971 edition of 
I.E.S. Technical Report Number 2 (2.14) has been calculated by- 
means of these finite difference equations.
2.2 Illuminating Engineering Society Technical Report No.2.
This report details a method for calculating utilisation factors 
given the following data% 1. the intensity- distribution of the 
luminaire; 2. the room proportions; 3« the spacing to mounting 
height ratio for the installation; 4. the surface reflectances.
The first step in the calculation is to determine the direct flux 
to the plane of work. The value of this direct component depends 
upon the intensity- distribution of the luminaires below the 
horizontal and also the spacing to mounting height ratio,, since 
this ratio determines the distance of the luminaires from the walls.
Some of the work described below was undertaken by the writer on 
behalf of the I.E.S. Lighting Design Data Panel to provide a 
simple method of selecting a satisfactory spacing to mounting 
height ratio. The method recommended in the 1971 edition of 
Technical Report No.2 (2.14) is based on this work.
Once the study requested by the Lighting Design Data Panel had. 
been completed and the findings reported to the Panel the writer 
decided to continue the work and to investigate aspects of the topic 
not included in the original brief.
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3. THE DISTRIBUTION OF HORIZONTAL PLANE ILLUMINANCE.
3.1 Introduction.,
For more than 50 years the distribution of luminous flux on the 
plane of work has been of njajor concern to the lighting designer} 
although those interested in the theory of light distribution 
have long been aware of the limitations of this approach (3.1).
In recent years there has been increased interest in other 
aspects of the quality of the lighting provided by interior 
lighting installations. At a C.I.E. meeting in Washington in 
19675 a paper was presented entitled "Beyond the Working Plane" 
(3.2). This paper gave proposals for lighting design based on 
scalar illuminance (mean spherical illuminance) rather than 
horizontal illuminance.- All this activity has had onty a small 
effect on general design practice and the adequate illumination of 
the plane of work is still the prime objective of the majority of 
lighting designs.
3.2 Uniformity.
To allow flexibility in the layout of equipment such as benches 
and desks most large working areas have lighting installations 
intended to provide uniform illuminance at a specified horizontal 
plane. This plane is usually assumed to be 0.8m above the floor 
and is called the plane of work (or working plane). In practice
a variation of illuminance over the working area such that the 
ratio of minimum illuminance to maximum illuminance is 0.7 is 
generally agreed to give acceptable results. Saunders (3*3) has 
carried out an experimental investigation into the validity of this 
criterion and concluded that it is satisfactory.
This finding conflicts with that of Odle and Smith (3»4) who found 
that the limit for acceptable uniformity was O.77.
The difference between these results is probably due to the 
difference in the experimental arrangement. Odle and Smith 
appear to have used only a continuous work plane surface5 whereas, 
Saunders used two separate desk surfaces.
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The standard method for fixing a maximum value of the spacing to 
mounting height ratio for a satisfactory uniformity was until 
quite recently that given in BS398:1948. This method was based 
on the work of McWhirter (3*5)*
3*3 McWhirter1s Method.
Mc\Vhirter3s Method published in 1936 depended upon finding the 
"dispersive angle" for the luminaires used in the installation.
The meaning of the term "dispersive angle" may be explained by 
reference to figure 3*1* If the distance z is regarded as fixed 
then the illuminance at point P will depend upon the value of the 
mounting height hm. When hm is infinite, 0 =0° and the 
illuminance at P is zero; when hm=0, 0 = 90° and. again the
illuminance at P is zero. Between these limits there will be a 
value of 0 for which the illuminance at P is a maximum (unless 
it is always zero). The angle at which this maximum occurs is 
called the "dispersive angle" and is given the symbol J\ .
McWhirter assumed that the optimum spacing to mounting height ratio 
would be when S/hm = /2tan^H , that is, when the angle to the centre 
point of a square array of four luminaires was equal.to , figure
3.2.
McWhirter’s assumption was.supported by the fact that, for the 
lighting distributions common at that time, the values of S/hm 
obtained from the dispersive angle method were found to be 
satisfactory in practice.
It is important to note that McWhirter3s method was not related to 
the provision of a.specified value of uniformity and was an 
intuitive rather than an analytical method.
18
H-
Fig. 3.1. The illumination of a point P when z is fixed 
and hm is variable.
Fig. 3.2 McWhirterBs "Dispersive Angle".
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3.4 Terminology.
In the past the term uniformity has been taken to mean the ratio of 
minimum to maximum illuminance over a specified area. Since it is 
not always possible to specify where the minimum and maximum values 
will occur, it is usual to calculate the illuminance at the centre 
of an array of lighting units and under the nearest lighting unit 
to this point. This is justified by the fact that these two points 
frequently coincide with the minimum and maximum values.
The ratio of these two values Ep2/Epl is taken to give an acceptable 
approximation to the true uniformity. However, since the calcul­
ation relates to the centre of the installation and because the 
term uniformity may be used in other senses, e.g., the ratio of 
minimum illuminance to the mean value, the writer suggested the use 
of the term midpoint ratio for this illumination ratio.
This suggestion was accepted and the revised I.E.S. Technical Report 
No.2 (1971) and the revised BS398 use this term.
3.5 Study for the I.E.S. Design Data Panel.
The intention was to produce a simple method of calculation which 
would allow the spacing to mounting height ratio for a given 
midpoint ratio to be obtained, or alternatively, the midpoint ratio 
for a given spacing to mounting height ratio.
Initially, only point sources with symmetrical distributions were 
considered.
With the close spacing adopted in many modern lighting installations 
the effect on the midpoint ratio of lighting units in the rows 
beyond the central core of the installation became a matter of 
practical interest. For the earliest study the midpoint ratio (MPR) 
was calculated for square arrays of 43 16, 36 .and 64 luminaires, ; 
figures 3.3 and 3.4.
Fig..3.3 The 4 luminaire array.
0  1 0
e f
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Fig. 3*4 Plan of the 16 luminaire array.
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For each array the MPR was calculated for a range of S/hm values 
up to 2„0sl,0. The intensity distributions used were those employed 
in Technical Report No.2 as the basis for the British Zonal method 
of installation classification. These distributions are listed in 
Table 3«1 and.their polar curves are given in figures 3«5 and 3*6.
The polar curves are scaled to represent sources of 1000 lumens.
Throughout this work unless stated otherwise the BZ numbers are 
used to describe the polar distributions of the luminaires and 
not the BZ classification of the lighting installation.
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TABLE 3.1
Designation Distribution
BZ1 Iao; cos^ <
BZ2 Ig occos^O
BZ3 Iq oc cos20
BZ4 Ig oc cos^*^©
BZ5 I© oc cos 0
BZ6 I© Oc (1+2 cos©)
BZ7 Ig oc(2+.cos©)
BZ8 19 constant
BZ9 I§ oc (1+sin 9 )
BZ10 Ig oc sin©
The mathematical functions related to the BZ method.
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BZ2
BZi
800cd
Fig. 3.5
BZ7
BZ6
qoc
Fig. 3.6
The Polar Curves for the 10 BZ distributions.
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Figures 3.7 to 3.16 give the variation of the midpoint ratio 
(MPR) with spacing to mounting height ratio (s/hm) for the 
distributions BZ2, B£35 BZ45 BZ52 BZ63 BZ73 BZ8, BZ9 and 
BZ10 respectively.
0*7
0 -5-
2-00*5
S
h m
Fig. 3.7. BZ1
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Fig. 3.9. BZ3
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Fig. 3.11. BZ5
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Fig. 3.13. BZ7
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Fig. 3.15. BZ9 ^
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Fig. 3.16. BZ10.
30
3*6 Results.
The results of this study are given in graphical form in figures
3.7 to 3.16.
If the results for the 64 luminaire array are taken as giving a 
MPR.value representative of that obtained over the central area of 
a large installation, the errors due to using a smaller array may 
be deduced. If we consider the 4 luminaire array the maximum 
error in the MPR for BZl is 24$ and occurs at S/hm=0.5. The 
maximum error falls with increasing BZ number up to BZ8. For 
BZ9* the maximum error is just over 28$ at S/hm=1.0, and for 
BZ10 the error at S/hm=2.0 is 120$ and still increasing.
If the 16 luminaire array is considered the maximum error over the 
range BZl to BZ8 is of the order of 5$. For BZ9 this increases 
to 7$ and for BZ10 up to 10$. From this it can be seen that the 
change from 4 to 16 luminaires produces a significant change in 
the MPR curves. The results also show that there is.little to  ^
gain from increasing the size of the array to 36 luminaires.
The results may be interpreted in another way. If the criterion 
is to obtain a. maximum value of spacing to mounting height ratio to 
achieve a MPR of 0.7 examination of the results for BZl to BZ8 
shows that the use of a 4 luminaire array instead of a 16 luminaire 
array would never produce an error greater than 5% in "the S/hm value.
(_1_)
The MPR for BZ9 is within the limits 0.7 to 1.43 (0•7)  ^over the 
whole range of S/hm values used.
For BZlO.the S/hm value for a 4 luminaire array differs from that for 
the 16 luminaire array by 49$ and the 16 luminaire value differs from 
the 64 luminaire value by 19$. The BZ10.distribution-is unusual in 
that the intensity in the direction of the downward vertical is zero. 
General lighting luminaires with this distribution are uncommon, 
but luminaires employing vertically mounted fluorescent tubes would 
have this type of distribution. This result suggests that calcul­
ations for luminaires with intensity distributions that jiave an 
appreciable reduction of intensity in the direction of the downward 
vertical require at.least a 16 luminaire array.
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3o7 Comparison with McWhirter.
The McWhirter dispersive angle method was used to calculate the 
S/hm values for the same ten BZ distributions and these are 
compared with those obtained for a MPR of 0.7 in Table 3•2.
The Table shows that the McWhirter values are slightly low for 
the more concentrating distributions, and that.his method fails 
for BZ10.
However, these results confirm that the McWhirter method is 
suitable for ensuring an MPR equal, to or better than 0.7 in most 
cases.
Perhaps the weakness of the method lies in the fact that it cannot 
be used to find an exact MPR for a given spacing to mounting 
height ratio. In addition, the dispersive angle method cannot 
deal with line sources with different axial.and transverse 
distributions, such as fluorescent lamps, whereas, the MPR 
method may be extended to deal with this type of source.
3.8 Sharp cut-off distributions.
All the distributions considered in the initial study were 
continuous and none of them could.be taken as representative of 
distributions designed to limit glare by a,sharp cut-off. A
typical luminaire of this type would be one housing a vertically 
mounted high pressure discharge lamp.
To simulate the extreme case of this type of luminaire the 
following distribution was adopted. The intensity from 0° to 55°? 
measured from the downward vertical, was assumed to be proportional 
to l+sin0 and the intensity at angles greater than 55° was assumed 
to be zero, figure 3*17. The MPR.curves for 4 and 16 luminaire 
arrays are given in figure 3*18*
TABLE 3.2
Distribution Spacing to mounting height ratio
BZ McWhirter 4 luminaire array 16 luminaire
array
1 0.89 1.16 1.00
2 1.00 1.20 1.15
3 1,15 1.33 1.28
4 1.41 1.36 1.35
5 1.41 1.55 1.50
6 1.60 1.65 1.65
7 1.80 1.72 1.75
8 2.00 1.88 1.90.
9 2.22 2.40 2.40
10 2.44 0.72 1.45
Comparison of the spacing to mounting height ratio obtained using 
McWhirter5s method with those obtained by the midpoint ratio method 
for 4 and 16 luminaire arrays•
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Fig, 3«17« Simulated distribution of a luminaire with a sharp 
cut-off.
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Fig, 3-18. Midpoint ratio curves for the simulated distribution 
given above.
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The effect of the discontinuous nature of the intensity 
distribution is shown by the fluctuations in the MPR curves.
The abrupt changes in the curves indicate the S/hm values at 
which one or more of the luminaires cease to illuminate either 
point 2 or point 1, figure 3-4. Although the MPR curves change 
direction more abruptly than would be expected from a practical 
distribution, they do give a clear indication of the effect of 
using a 16 instead of a . 4 luminaire array, when luminaires with 
a sharp cut-off are employed.
In a.paper published in the January 1970 issue of "Illuminating 
Engineering" (3.6), Christensen and De Laney gave a practical 
bat-wing distribution which they had found was given an incorrect 
S/hm value when the method provided in the 4th edition of the I.E.S. 
handbook (U.S.A.) was used. They found that the calculated value 
of 1.9:1.0 was too large and that for uniform illuminance a value 
of 1.0s1.0 was necessary. Figure 3*19 shows a scaled up version 
of their intensity distribution curve, and although it cannot be 
claimed to be identical to the original distribution, it is close 
enough to enable this type of distribution to be studied.
The MPR curves for 4 and 16 luminaire arrays are given in figure 
3.20. These curves show that large differences can occur between 
the 4 and 16 luminaire MPR. values, in this case 62$ at S/hm=1.0. 
when related to the 16 luminaire value. Another important feature 
is that the 16 luminaire MPR curves cross the 0.7, 1.43 limits in 
three places, at S/hm=1.23, 1.78.and.1.92.
Christensen and De Laney found that an S/hm value of 1.9 was 
unsatisfactory. To check the other values a computer program was
used to calculate the illuminance from 16 luminaires over a grid of
points covering a quarter of the central area of the work plane,
including the centre line. The S/hm values used ranged for 0.2 up 
to 2.0 in steps of 0.2 and the spacing of the points on the grid was
at intervals of 0.1 of the hm value, figure 3.21.
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Fig. 3*19* Bat~wing distribution studied by Christensen and. De Laney.
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Fig. 3.20. Midpoint ratio curves for the bat-wing distribution of 
Fig. 3.19.
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Fig. 3«21. The area (shown shaded) over which the illuminance for 
the bat-wing distribution was calculated.
For S/hm=1.2 the maximum value occurred at the centre of the 
array, at reference point 2, but the minimum value did not occur 
beneath the luminaire at reference point 1. For S/hm=1.8 neither 
the maximum nor the minimum value occurred at either of the reference 
points. The ratios obtained from the true minimum and maximum 
values have been plotted on figure 3*20. These results indicate 
that, for a ratio of minimum illuminance to maximum illuminance of
0.7 an S/hm value in the region of 1.15 is required, taking into
account the error involved in reading intensity values from the
scaled up distribution curve; this confirms the findings of 
Christensen and De Laney.
Another distribution taken from the same paper is shown in 
figure 3•22. This distribution also has a sharp cut-off but
differs from that shown in figure 3*19 > in that there is no 
intensity reduction in the direction of the downward.vertical.
Figure 3*235 gives the MPR.curves for this distribution.
The.results given in figures 3*21 and 3*23 show one of the
problems inherent in the use of ltuninaires with very sharp, cut-offs.
Small changes in S/hm can produce large changes in uniformity.
In a.practical installation it is often necessary to reduce the 
spacing between some,of the luminaires because of the structure 
of the building. When the luminaires have a sharp cut-off. 
distribution the assumption that any spacing less than the maximum 
would be satisfactory could well prove incorrect.
The variation of illuminance in adjacent areas.could approach 
2.0sl.0. Also? overspacing by small amounts could lead to large 
variations in illuminance. The MPR would.therefore appear to be a 
useful parameter in the design of a luminaire. If the MPR curve 
indicates an excessive sensitivity to changes in spacing to mounting 
height ratio the design could.be modified.
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Fig. 3.22. A sharp cut-off distribution without intensity
reduction in the direction of the downward vertical.
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h  m
Fig. 3*23. Midpoint ratio curves for the sharp cut-off distribution 
shown in Fig. 3*22.
40
3.9 The effect of different axial and transverse distributions.
Many point and line sources have different axial and transverse 
intensity distributions. The meaning of the terms axial and 
transverse in this context is illustrated in figures 3.24 and 3.25. 
The source is treated as large or small according to the mounting 
height. For example a double ended tungsten halogen tubular lamp 
without optical control and mounted at 2 metres could be treated 
as a point source with different axial and transverse distributions, 
whereas, a 2.4m tubular fluorescent lamp must be treated as a line 
source with different axial and transverse distributions at the 
same mounting height. If the 2.4m lamp was mounted at 12m it
could also be treated as a point source.
To study the effect on the MPR of altering the axial and 
transverse distributions of point and line sources three 
separate computer programs were used.
(1) A program for point sources.
(2) A program for line sources of variable length.
(3) A program for line sources of infinite length.
In programs 1 and 2 the axial distributions were varied from BZl to 
BZ5.
In program 1 all the 10 BZ distributions were used for the
transverse direction. In program 2 the length of the line source
introduced another parameter and so to reduce the amount of data 
to be processed the BZ4* BZ7 and BZ10 transverse distributions were 
not included. The combinations of axial and transverse distrib­
utions used in program 2 are given in Table 3*3. The length of the
line source in program 2 was included in terms of hm, so that the
parameter %/hm was varied from 0.2 up to 1.0.
Program 3 was the simplest program because with an infinite line 
source the axial distribution does not affect the MPR provided that 
the shape of the axial distribution curve is the same in all axial 
planes. The parameters for this program were therefore, the trans­
verse intensity distributions, BZl to BZ10, and the spacing to mount­
ing height ratio. Figures 3526, 3.27 and 3.28 show the practical 
lighting installations to which the data from these programs could 
be related.
Fig. 3.24. The transverse polar curve.
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Fig. 3.25. The axi$l polar curves.
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TABLE 3.3 
TRANSVERSE.
1 2 3 4 5 6 7 8 9
tt . X -SC- K * .
•55-. -55- # X  * .  -ft
■ft -ft -ft -ft . -ft -5$-. -ft
* -ft. -ft . *. * . -ft • -ft
The combinations of axial and transverse distributions used in 
program for line sources of variable length.
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Fig. 3.27 
Program 2,
Fig. 3.28 
Program 3
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3.10 Results.
Program Is- The computer print out sheets for 4, 16, 36 and 64 
luminaire arrays were compared and the differences were similar to 
those found for the symmetrical point sources. The results 
consist of 50 combinations of axial and transverse distributions 
for each of the four arrays.
To establish the effect on the MPR. of varying the transverse 
distribution for a given axial distribution two sets of results 
were plotted for 16 luminaire arrays.
(1) All the transverse distributions (BZl to BZ10) for a BZl 
axial distribution, figure 3*29.
(2) All the transverse distributions for a BZ5 axial distribution, 
figure 3.30.
To establish the effect on the MPR of varying the axial distrib­
ution for a given transverse distribution two further sets of 
results were plotted, also for 16 luminaire arrays.
(1) Axial distributions BZl to BZ5 for a BZl transverse 
distribution, figure 3.31.
(2) Axial distributions BZl to BZ5 for a BZ5 transverse 
distribution, figure 3.32.
Comparison of the four sets of curves shows that for point sources 
variation of the transverse distribution has a greater effect 
than variation of the axial distribution. For example in figure 3*29 
for a BZl axial distribution the change in the MPR at S/hm=2.0, 
when the transverse distribution is changed from BZl to BZ55 is 
from O.O85 lo 0.231; whereas in figure 3*31 the change in MPR at 
S/hm=;2.0, when the transverse distribution is BZl and the axial 
distribution is changed from BZl to BZ5, is from O.O85 to 0.150.
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Fig. 3.29. Midpoint ratio curves for all the transverse
• W-
distributions with axial distribution BZl.
5O »
Fig. 3*30. Midpoint ratios for all the transverse distributions 
with axial distribution BZ5.
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Fig. 3.31. Midpoint ratio curves for all the axial distributions 
with transverse distribution BZl
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Fig. 3*32. Midpoint ratio curves for all the axial distributions 
with transverse distribution BZ5.
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Program 2s- . It was found that the results of this program were 
of greater value when combined with those obtained from the other 
two programs. They will therefore be considered after program 3.
The program was based on an array of 16 luminaires.
Program 3s- For infinite line sources the equivalent to the 
4 luminaire array is two rows and for the 16 luminaire array 
4 rows, and so on. The differences between the results for 
4 rows and 8 rows were very small and so only the 2 row and 4 row 
results are given. Apart from the BZ10 results the differences 
between the 2 row and 4 row MPR values are less than for the 
corresponding point source results, and so for brevity only the 
BZ2, BZ6, BZ8 and BZ10 curves are given, figures 3-33? 3»34*
3.35 and 3-36.
The conclusion suggested by these results is that for most 
continuous line sources only two rows need be considered when 
calculating MPR values. The exception would be where sources 
with greatly reduced intensity in the direction of the downward 
vertical are used. It would also be reasonable to assume that 
line sources with a sharp cut off in the transverse direction 
would require the consideration of 4 rows.
Figures 3*37 and 3.38 show the results for symmetrical point sources 
for distributions from BZl to BZ10 and those for infinite line 
sources for transverse distributions from BZl to BZ10 respectively.
These results confirm that for a given distribution the spacing 
between rows can be increased when continuous line sources replace 
point sources. If for example the S/hm values for the BZl dis­
tribution are considered the value for a MPR value of 0.7 is seen 
to increase from 1.0 to 1.25. In the case of BZ8 the change is from 
1.9 to 2.45.
The exception is BZ10 where the S/hm value falls from 1.45 to 1.1.
MPR
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Fig. 3•33• BZ2. Midpoint ratio curves for infinite line sources.
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0-5
Fig. 3*34. BZ6. Midpoint ratio curves for infinite line sources.
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Fig. 3-35- BZ8. Midpoint ratio curves for infinite line sources.
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Fig. 3.36. BZ10. Midpoint ratio curves for infinite line sources.
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Fig. 3.37. Symmetrical point sourcess midpoint ratio curves 
for all distributions.
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Fig. 3.38. Infinite line sourcess midpoint ratio curves 
for all distributions.
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Similar conclusions may be drawn when the comparison is made 
between point sources with different axial and transverse 
distributions and continuous line sources, but in some cases the 
increase in S/hm is found to be less and in others more. For 
example3 if the BZl transverse distribution is combined with a 
BZ5 axial distribution the change would be from 1.15 to 1.25.
For BZ8 transverse and BZl axial the change would be from 1.35 
to 2.45.
Programs 1, 2 and 3 combined:- If the results of these three 
programs are combined, the effect of varying the source length 
for given axial and transverse distributions can be seen.
The effect is shown in the six sets of results which have been 
selected from the 28 sets obtained from program 2, the 50 sets 
obtained from program 1 and the 10 sets obtained from program 3. 
These results are given in figures 3.39? 3.40, 3.41? 3.42, 3.43 
and 3?44.
These results show that changing the length of the source has a 
much greater effect on the MPR when the axial distribution is 
narrow, e.g., BZl, than when it is broad, e.g., BZ5.
The main effect of increasing the length of the source relative 
to the mounting height and the spacing is to fill in the gap.in 
the row opposite the centre point of the array.
This is in effect a transfer of part of the source intensity, 
closer to the midpoint. When the axial distribution is broad 
this has a relatively small effect on the illuminance at the two 
reference points. However, when the axial distribution is narrow 
this transfer can significantly reduce the illuminance directly 
beneath the cesritre of the source, and increase the illuminance at 
the midpoint.
The same effect should be detected when the axial spacing of point 
sources with different axial and transverse distributions is 
altered.
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Fig. 3.40. BZ5(A)5 BZ8(T), combined results for
programs 15 2 and 3.
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The program for point sources with different axial and trans­
verse distributions was also designed to deal with a variation 
of the spacing in the axial directiph with respect to that of 
the transverse direction.
The following data was extracted from that for the 64 luminaire 
array.
Distribution Transverse spacing constant at 2.0
MPR
Axial spacing 0.5 Axial spacing 1.0
BZ1(A) s BZ5(T) 0.641 O.585
BZ5(A) : BZ5(T) 0.620 0.626
Closing the spacing should have a similar.effect as increasing 
the length of a line source.
Consider the effect of closing the spacing in the axial direction.
change in MPR
(0.641 - 0*585) x 100 = 9.456
( 0.585 )
(0.620 - 0.626) x 100= -0.96$
( 0.626 )
A result that is in agreement with the theory.
3.11 The reflected component.
The distribution of reflected flux on the plane of work is 
frequently assumed to be uniform. This assumption is mentioned in 
I.E.S. Technical Report No.2 and by Odle and Smith (3.4). Since it 
is known that the reflected component has the greatest effect on 
uniformity when the spacing to mounting height ratio has a high 
value> there is a temptation to consider it as a uniform "blanket” 
over the entire plane of work and to increase the spacing to mounting 
height ratio accordingly.
Distribution 
BZl(A) 2 BZ5(T)
BZ5(A) 2 BZ5(T)
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O’Brien and Balogh (3.7) have published tables of configuration 
factors which enable the distribution of reflected flux within an 
interior to be studied in detail. The data is based on uniformly 
emitting surfaces. Figure 3*45 gives the uniformity of the re­
flected component from the ceiling against room index. The 
uniformity being taken as the ratio of the minimum value of re­
flected illuminance (at the corner of the plane of work) to the 
maximum value of reflected illuminance (at the centre of the plane 
of work). This graph shows that the distribution of illuminance 
from a diffusing ceiling of uniform luminance cannot be assumed to 
be a uniform "blanket”. The larger the ratio of ceiling area to 
wall area, or room index, the lower is the uniformity ratio.
Figures 3.46 and 3.47 show the distribution of illuminance along 
the centre line of two rooms, one of room index 0.53 and the other 
of room index 5.0.
These graphs show that for rooms of low room index the reflected 
component from the ceiling is fairly uniform, but that for rooms 
of high room index the fall of illuminance as the walls are 
approached is considerable. They also show that the reflected 
illuminance is substantially uniform over the central area of the 
room.
Figures 5*1 and 5*2 show, the distribution of illuminance along the 
centre line of a room of index 2 for uniform wall abd uniform 
ceiling luminance respectively, the other surfaces being assumed 
black.
Considering figures 5*1 and 5.2 together it is evident that the 
assumption of a uniform reflected component is justified when the 
walls have a luminance comparable with that of the ceiling.
The correction factor to allow for the reflected component which is 
given in I.E.S. Technical Report No.2 is developed in the following 
way.
The uniformity ratio = Ep2 + Er 
for the total illuminance Epl + Er
Where Er is the uniform reflected component.
If this equation is expressed in per unit values so that 
Epl = 1*0, then Wp2 = MPR for direct illuminance
— URD uniformity ratio for direct 
illuminance.
Also, assuming that the mean of Epl and Ep2 may be taken as the 
mean direct illuminance the reflected component may be expressed as
Er = § ( 1 + URD )
where Ed is the mean direct illuminance.
Denoting the uniformity ratio for total illuminance as URT, the 
uniformity equation may be written in the form;
. Fr
URT = URD. + i  ( 1 + URD ) ~
l.CH- i  ( 1 + URD. ) j||.
URT = Ed.URD.+ b (1 + URD)Er 
'Ed + i (1 + URD) Er
= 2Ed.URD + Er + Er.URD.
2Ed -r Er■+ Er.URD
If Ed is replaced with the utilisation factor for a room with black
surfaces (UF^) then Er may be replaced by, i>
(UF.-UF^) where UF. is the utilisation factor for the A p A
actual room.
Hence, URT =2UFB>URD + UF^ - UFg + (UF^-UFg) URD 
2UF + UFa - UFg + (UFa~. UFg) URD
which may be rearranged to give the correction factor q
^ 1 -URT. 2 UFb
1 “ URD UFa(1 + URD) + UF0 (l-URD)
In the report a further approximation is made and q is taken as,
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Fig. 3.45* Variation of uniformity with room index for a 
ceiling of uniform luminance.
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Fig. 3.47 the distribution of illuminance along the centre line 
of a square room of room index 5*0 for a ceiling of 
.uniform luminance.
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If the reflected component is taken into account in calculating 
the MPR (or the URT), the increase in spacing between the rows 
is unlikely to justify an increase in the spacing at the walls.
3.12 The calculation of MPR for symmetrical point sources.
Where the MPR calculation is used to establish a spacing to 
mounting ratio for a MPR of 0.7 the 4 luminaire array could be 
used for distributions which do not have an appreciable intensity 
reduction in the direction of the downward vertical or a sharp 
cut-off. If a standard array, for all distributions is required, 
then the 16 luminaire array must be recommended. For many dis­
tributions some of the peripheral luminaires may be neglected 
because they will make a negligible contribution to the illuminance 
at one or both of the reference points. However, initial consid­
eration of a 16 luminaire array will ensure that all luminaires 
making a significant contribution to the MPR are taken into 
account.
Application of the inverse-square law is both time consuming and 
tedious and the problem of reducing the amount of work involved has 
been investigated by many workers (3*8). The most common approach 
has been to use inverse-square law tables or an illuminance curve 
for the luminaire concerned.
A method devised by the writer is illustrated in figures 3«48 and
O
3«49. A curve of cos 8 is plotted against tan 6 (to the same scale) 
on a transparent overlay. This curve is superimposed on the polar 
curve of the luminaire as shown. The horizontal distance Z from the 
point directly beneath the luminaire to the illuminated point is 
either calculated or measured from a plan of the installation.
The ratio of Z to hm is equal to tang and this is marked off on 
the overlay (0C). A-straight edge is set between A and C and the 
intensity at that angle, the required angle of & , is read from the 
polar curve (AB). The value of cos g is found directly above C 
at D and is read off the vertical scale.
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Fig. 3*48* Relationship between the source and the illuminated 
point for the inverse-square law calcqlation.
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Fig. 3.49. The polar curve of the source and the cos 0 overlay.
If illuminance ratios are to be calculated then hm is not 
required in the final equation.
o
For example E at P = lap cos Op 
E at Q Iq
or if a number of luminaires are involed
E at P = g l a p  cos%p 
E at Q ^ ^ q c o s d  e ^
If the actual illuminance value is required then the full 
illuminance equation is applied,,
Ep =.Iep cos^8p 
hm
200cd and cos%p=0.433
The advantages of this method are:
1. It does not require a different overlay for each type of 
luminaire.
2. It.is not necessary to evaluate 0
3. It avoids interpolation.
4. The data is presented in a single display.
The disadvantages are:
1. The overlay must be of a size compatible with that of the 
polar curve.
2. It is difficult to use at high values of Z/hm.
This method is particularly suited to calculations for installations
? ' y
where non-standard layouts are dictated by the building structure and 
with, sharp cut-off.distributions.
The example shown in figure 3*49 gives Iq = 
assuming a.value of 2m for hm gives
Ep = 200 x 043 = 21#5 lux
4
When standard layouts are involved at fixes values of S/hm the
3value of© and hence cos ©for each luminaire may be pre­
calculated. The calculation may therefore be set out in simple 
tabular form (3.9)- A typical work sheet is shown in Table 3.4 
and the letters refer to the positions of the luminaires shown in 
figure 3.4. The multiplying constants are the cos 8 values 
multiplied by the number of luminaires in the array to which they 
apply.
The illuminance at point 1, figure 3*4 is obtained by dividing the 
2
1st total by hm, and that at point 2 by dividing the 2nd total by 
hm.
The midpoint ratio is given by,
2nd totalMPR 1st total
The work sheet in the 1971 edition of I.E.S. Technical Report No.2 
is developed from that given in Table 3*4. The original report
to the I.E.S. Lighting Design Data Panel suggested that to obtain
v
an S/hm value for a given MPR the MPR should be calculated for 
three convenient points, for example S/hm=0.5? 1.0 and 1.5. The 
required value of S/hm being obtained by plotting these three 
points and drawing a smooth curve through them as shown in figure 3*50. 
In the example shown in figure 3*50 the S/hm value for an MPR of 0.7 
is 1.2.
However, this method is unsatisfactory for luminaires with a sharp 
cut-off. Figure 3.51 relates to the MPR curve given in figure 3.23 
and shows that if a smooth curve is drawn through the three MPR values 
for S/hm=0.5, 1.0 and 1,5 a serious error in the S/hm value for an 
MPR of (3.7. could occur. It would therefore be necessary to check 
that the S/hm value obtained from the graph was correct by calcul­
ating the MPR value for that S/hm value.
Examination of the MPR curves given in figures 3.18, 3.21 and 3.23 
reveals that the extreme fluctuations of MPR occur at S/hm=tan©, 
where & is the cut-off angle of the luminaire. At this value of
S/hm luminaires b, e, g cease to illuminate reference point..!, 
figure 3.4.
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TABLE 3.4
S/hm = 1.5 s 1.0
Epl 9' multiplying constant Is Product (constant x I§)
a 64.V° 0.312
b 56.3° 0.684
d 73.4° 0.092
0° 1.000
h 71.6° 0.062
76.7° 0.012
1st Total
Ep2 8 multiplying constant I§ Product (constant x 1$)
72.6° 0.108
b 67.2° 0.464
46.7° 1.292
2nd Total
66
Fig.
Fig.
MPR
0-7-
05 -
1 1*9 1l-Olz 1-5
s
2-00*5
hm
3.50. Original method of obtaining S/hm value.
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3.51» Difference between the true and apparent midpoint ratio 
curves for the distribution given in Fig. 3.22.
In addition to this problem of obtaining the correct value of 
MPR there is that posed by the fact that with sharp cut-off 
luminaires the minimum and maximum values frequently do not occur 
at either of the reference points.
If the MPR method is to, bp applied to luminaires having a sharp 
cut-off the most reliable way in which to select a maximum value 
of S/hm would be to choose a value just less than that at which 
the MPR curve first crosses the 1.43 limit.
Appendix 2 of I.E.S. Technical Report Number 2 deals with the 
calculation of MPR as indicated in the following statement which 
comes from that document "the first step is to guess a value for 
the S/hm ratio and to calculate the midpoint ratio for the
particular intensity distribution under consideration; .....
If this midpoint ratio is less than o°70, repeat the calculation 
with the set of figures for the next smaller S/hm.ratio and so on 
until a midpoint ratio greater than 0.70 has been obtained. If 
the first midpoint ratio is greater than 0.70 repeat the cal­
culation with the set of figures for the next larger value of the 
S/hm ratio and so on until a midpoint ratio less than 0.70 has been 
obtained.
The limits to this process are of course S/hnt=0.5 and S/hm=1.5«
The value of the S/hm ratio to be adopted for the light distribution 
under consideration is that which gives a midpoint ratio just 
greater than 0.70".
To enable an intelligent guess to be made of the S/hm value 
mentioned above a table is provided in the report giving the S/hm 
values for various values of MPR for the ten BZ distributions.
This table is based on the data given in Section 3.6.
3.13 The calculation of MPR for asymmetrical point sources.
Sources that are completely asymmetrical are not considered here 
since the MPR method is difficult to apply to such cases.
However, a common form of asymmetry is where the source distribution 
can be described in terms of different axial and transverse polar 
curves.
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An example of a point source of this type would be a horizontally 
mounted discharge lamp such as a high pressure mercury vapour 
lamp or a high pressure sodium lamp. The basic procedure is the 
same as that for symmetrical point sources^ but it is more difficult 
to determine the intensity values to be used in the inverse-square 
law equation.
Intensity data for this type of distribution is usually given in 
terms of axial and transverse distribution curves. The trans­
verse curve will lie in a plane that does not pass through centre 
or midpoint and the intensity in the direction of the midpoint 
would lie in the plane of an axial curve.
The problem Resolves into one of calculating the angle of elevation 
of the axial plane on which this intensity lies and the angle at 
which this intensity lies with respect to the normal on the axial 
curve. In figure 3.25; the angle on the axial curve is denoted 
by OC and that on the transverse curve giving the angle of elevation
by (3 .
When calculating the direct ratio for this type of distribution it 
is necessary to obtaijr.-a weighted mean curve of intensity distrib­
ution. If this data is available then the MPR may be calculated 
using this mean curve without errors greater than 5$. In Table 3*5 
values of MPR obtained from the mean curve are compared with the 
true MPR-values.
3.14 The calculation of MPR for discontinuous line sources.
For practical purposes this section relates to calculations for 
tubular fluorescent lamps and the associated luminaires. The 
finite line source presents an even more difficult problem than the 
asymmetrical point soprQe.
The parameters which have to be included in the calculation are
(a) the axial distribution (b) the transverse distribution (c) the 
S/hm value (d) the length of the line source. In the calculations 
for line sources in section 3.9 the length of the source (|) was 
included by introducing the ratio $/hm in addition to the S/hm ratio.
69
TABLE 3.5
Transverse Axial
distribution distribution
BZl
BZ5
BZ8
BZ8
BZ5
BZ3
BZl
BZ5
S/hm
1.0
mean True
distribution MPR MPR
0.87
1.25 0.80
1.5 0.63
1.5 0.79
0.83
0.81
0.62
0.82
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The two methods widely used in this country for calculating the 
illuminance from line.sources are the Aspect Factor Method" 
and the "Sector Flux Method" (3.10). These methods are similar 
in origin, in as much as they both rely on the application of 
the inverse-square law and the cosine law to each element of the
line source to produce the tabulated and graphical data ■1^ 1111x6^\
by the method.
The methods differ in the following respect-, the Aspect Factor 
Method integrates the effect of each element of the source over 
the angle subtended by the source at the illuminated point, so 
that the illuminance equation is of- the form (see Appendix I),
I$(AF) cos2$
^  ~ Ihm where the factor (AF) is the result of
an integration;
the Sector Flux method assumes that the source is infinite in 
length and finite sources are dealt with by means of correction 
factors, in this case the illuminance equation has the form,
E = £ (1 - A )  cos2(b 
hm
where A  is-a correction factor also obtained by an integration, 
and J is the sector flux.
The writer prefers the Aspect Factor method for the following 
reasons:
(a) it deals directly with the lirie source as it is presented 
without the necessity of first considering an infinite source;
(b) it employs the concept of luminous intensity, whereas, the 
Sector Flux Method introduces an additional quantity J which 
in practice is calculated from the intensity distribution 
that it displaces;
(c) the aspect factor notation is convenient and may easily be 
lised to extend the method to the calculation of flux 
received on a surface from a line source (3.11).
As an illustration of (a) above consider the two paragraphs given 
below:
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If the Sector Flux Method is applied to the case of the 
illuminance below the centre of a finite source, Einhorn, who 
originated the method gives the following instruction, "This can 
be obtained from the previous expressions by superimposing two 
semi-infinite sources (and a negative infinite source.)" (3.10).
For the same problem Holmes, who originated the Aspect Factor 
Method gives the simple instruction "Double the aspect factor^ 
(expression) for one half of the source to find the total aspect 
factor" (3.10).
In view of the preference for the aspect factor method the rest 
of the discussion will be related to this method. As in the 
case of asymmetric point sources some simplification is possible.
Aspect Factor data is given in terms of aspect angle o£ which 
relates to the angle subtended between the ends of the source at 
the illuminated point when that point is directly opposite one 
end of the source, figures 3.52 and 3.53. The data is extended 
to other cases by superposition or what the writer has elsewhere 
referred to as the method of component sources ( 3.12); thus in 
figure 3»54 ^he total aspect factor for reference point 1 and for 
one row of 4 luminaires is given by 2(A^)C^ -AFC<2+AFX2-AF^^+AFC/^ ) 
and in figure 3.55 that for point 2 by 2(AF^1-AF642+AF0^ -A^<^).
Each'aspect factor is read from either a table or a graph similar 
to that given in figure 3-53.
In addition to the aspect angles the transverse angle Q would be
required to enable the intensity to be read from the transverse
2
polar curve and cos to be calculated.
Then £l*a (AF^) cos2(?>a.
(AF^) c o s ^  .
For point 2 only two rows need to be considered and the result 
dbublpd. Fbr point 1 thfee rows must be considered and the result 
for one of them doubled. Thus for each value of S/hm and J/hm 
tabulated data could give the aspect angles for two or three rows 
as appropriate with values of (h and cos P , this latter factor 
being multiplied by a weighting factor where necessary.
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The photometric data would consist of:
1. the aspect factor table or curvej
2. the transverse intensity distribution curve;
I.E.S. Technical Report No.11 deals with aspect factor calculations 
in detail including classification of the axial distribution curve 
to obtain the aspect factor data, where this is not provided by 
the manufacturer, (3.13).
3.15 The calculation of MPR for continuous line sources.
Where the line aburces are continuous, i.e. may be treated as 
being of infinite length, then the calculation of MPR may be 
greatly simplified, particularly if the axial distribution may be 
assumed to be independent of the angle of the axial plane with 
respect to the reference plane, usually the downward vertical.
The simplification arises from the fact that if the rows may be 
assumed to be of infinite length then there is only one aspect 
angle for each row and it always has the same value i.e., 90°.
In addition to this if the axial distribution is the same in all 
the axial planes considered then the aspect factor always has the 
same value.
Thus in MPR calculations the aspect factors will cancel giving,
Alternatively, an overlay similar to that used in section 3*12 and 
illustrated in figures 3*48 and 3*49 could be used, but in this
This egression requires the evaluation of angle ^ and &  g ^or eac^ 
row to obtain Ig, and cos2 •
case it would be a curve of cos2P> plotted against tan ^  (where 
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j
Fig. 3.^2. The relationship between the aspect angle o( and the 
length and mounting height of the source.
O-7-i
AT
0° 10” 20° 30° 40° 50° 60° 70° 80° qO°
hi
Fig. 3-53. A typical aspect factor curve.
Fig. 3.54. The five aspect angles relating to reference 
point 1.
Fig. 3•55* The four aspect angles relating to reference 
point 2,
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3«16 Summary of conclusions.
This section has described the development of the midpoint ratio 
method of selecting a suitable spacing to mounting height ratio for 
a general lighting installation,, It also describes studies under­
taken to check assumptions stated in Technical Report Number 2 with 
regard to line sources and the reflected component of illuminance.
The main conclusions suggested by the data developed in this 
section are listed below.
(1) The calculation of s/hm for an MPR of 0.7, for intensity 
distributions similar to those represented by the mathe­
matical functions labelled BZ1 to BZ9? may be based on a 4 
luminaire array without an error greater than 5% when 
compared with the 16 luminaire array values.
(2) The calculation for luminaires which have intensity dis­
tributions exhibiting a sharp cut-off or a reduction in 
the intensity in the direction of the downward vertical 
should be based on the 16 luminaire array.
(3) If the actual value of MPR is required for a given spacing 
the 16 luminaire array should be used. There is no 
advantage in using a larger array.
(4) The conclusions of (1) and (2) apply to continuous line 
sources but in this case two rows and four rows respectively 
should be used.
(5) Provided that the axial distribution is broad (e.g. «=«. cos 0 )i
discontinuous line sources may be treated as point sources 
without a serious reduction in the predicted maximum spacing, 
up to the limit J/hm =1.0.
(6) When luminaires with a sharp cut-off are involved small 
alterations in the S/hm value often produce a very large 
change in the MPR and the uniformity and make such a luminaire 
difficult to use if uniform horizontal illumihance is required.
(7) The MPR values for a luminaire could be used as a design para­
meter to determine if the cut-off is too sharp.
(8) When the luminaires have different axial and transverse dis­
tributions the weighted mean intensity distribution curve may 
be used to calculate the MPR without errors greater than S%»
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(9) In rooms of high room index with large areas of window the 
reflected component cannot be assumed to be uniform in the 
vicinity of the walls. This means that if the reflected 
component has been used in the calculation of MPR and this 
increases the calculated S/hm value, the increase in spacing 
is not justified at the walls.
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4. the ratios of cylindrical to horizontal, and scalar to
HORIZONTAL ILLUMINANCE AT THE WORK PLANE.
4.1 Introduction.
The fact that the value of horizontal illuminance alone is often an 
unsatisfactory indication of the quality and adequacy of the illumin­
ance in an interior has been appreciated for a long time. Stienmetz 
discussed the problem in his book "Radiation, Light and Illumination" 
(I909). He concluded that the "total flux density" received by an 
object was often more significant than the horizontal illuminance, 
(4.1).
In many cases the value of the vertical illuminance is important in 
determining the adequacy of the illuminance for a particular task.
t
However, the vertical illuminance often varies with orientation as 
well as position. Bloch (4*2) dealing with street lighting 
comments, "A correct estimate of vertical illumination at a given 
point means, therefore, the evaluation of this quantity in a number 
of different vertical planes through the points - for example, at 
every 90° t thus giving four observations for each point, four times 
as many as are necessary to form an estimate of horizontal illumin­
ation, Naturally, this multiplication of observations would be 
tedious and measurements a hindrance instead of a help to correct 
judgement".
One means of reducing the amount of data is to calculate or measure 
the cylindrical illuminance (Ec), that is, the mean value of 
vertical illuminance at a point. If this is done then only changes 
in position will alter its value. An alternative approach (4.3,4*5) 
would be to calculate or measure (approximately) the total illumin­
ance at appoint in terms of the mean illuminance received by an 
infinitely small sphere located at the point of interest. This 
quantity has been called the scalar illuminance or the mean 
spherical illuminance (Es).
Since the horizontal illuminance is usually known, it would be 
convenient if an index of quality could be given in terms of either 
the ratio of cylindrical to horizontal or the scalar to horizontal 
illuminance, Ec/Eh and Es/Eh respectively. There is an additional
79
argument to support the use of the ratio Ec/Eh. Illuminance may­
be treated as a vector quantity- and it is possible to derive 
equations for the illuminance of sloping planes in terms of the 
horizontal and vertical components of illuminance (4«4).
The relationship may- be expressed simply as E=Ev sin© + Eh cos©, 
where Ev is the vertical illuminance and 0 is the angle between 
the normal to the sloping plane and the direction of Eh, figure 4.1. 
The tangent of the angle 0 is given by Ev/Eh. Although this simple 
relationship has to be modified for large installations to allow for 
the fact that the sloping plane usually cuts the plane containing 
the light sources, figure 4.2, the ratio Ev/Eh does indicate 
whether the illuminance on planes other than the horizontal will 
be adequate in comparison with the horizontal plane. Since there 
are an infinite number of vertical planes through any point it 
would be reasonable to use the mean value of vertical illuminance 
(Ec) in forming the ratio.
There are therefore two alternative ratios offered as an index of 
the adequacy of the illuminance on the vertical or sloping surfaces 
at the plane of work. The purpose of the next two sections is to 
consider the variation of these ratios with change of position in 
the installation, change of luminaire distribution and change of 
spacing to mounting height ratio of the installation.
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Fig. 4.1. Vector relationships for calculating the illuminance 
at a point on a sloping plane.
A_______________________    B__ __
? C ?  C 2  O ™ t t ^ i  i i
/
/
/
/
/
Only the luminaires in region AB contribute to the illuminance 
at point P.
Fig. 4.2 A situation where the plane in which point P lies 
cuts the plane containing the luminaires.
4.2 The Calculation of Ec/Eh and Es/^h.
E c / E h T h e  expression for the cylindrical illuminance from a 
point source may be obtained by calculating the mean value of the 
vertical illuminance over the surface of an infinitely small 
vertical cylinder located at the point of interest P. Consider 
figures 4.3 and 4.4.
The mean value of vertical illuminance over the surface of the 
half of the cylinder receiving light from the source is given by:
4>=+?
TT
I©  Sin 0 .  COS1©-CoS
Km
4> = ~S-
r  -L Ail Sin 0 , CoS^Q . 
TT hrri1
The mean value for the whole of the surface of the cylinder is 
therefore:
2
Ec = Jl$_. sin Q. cos 0
TThm
The ratio of cylindrical to horizontal illuminance produced by a 
single point source is,
Ec/Eh = Ie . sin 8. cos29/ 1$ . cos^9 
TThm
tan 8 /tt .
 hm
Consider an array of four point sources such as are shown in figure 
3.3. Centre point 2 gives the same value of 9 for each of the 
sources and so Ec/Eh for this point is entirely a function of the 
spacing to mounting height ratio and is independent of the source 
distribution, ignoring interreflection. Also, since tan 9 is 
directly proportional to S/hm the relationship is linear.
When reference point 1, directly beneath one of the luminaires is 
considered it is found that Ec/Eh depends upon the intensity dis­
tribution of the luminaire as well as the S/im value. For larger
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arrays the ratio at both reference points depends on the source 
distribution and the S/hm value.
In figure 4.5 the variation of Ec/Eh with position, intensity 
distribution and the number of luminaires in the array is given, 
for a number of distributions at an S/hm value of 1.0. At this 
S/hm value all the distributions have an MPR value of 0,7 or 
higher.
The greatest change occurs in the 4 to 16 step, and so although 
16 is not considered to be a linjlting value the 16 luminaire array 
is used in the rest of this study.
Es/Eh:- The expression for the scalar or mean spherical illuminance 
from a point source is obtained by considering the flux received by 
an infinitely small sphere located at the point of interest, 
figures 4.6 and 4.7.
The flux received by the illuminated hemisphere is given by:
= Is c o s ^ . T r r 1.
The mean illuminance of the whole surface of the Aphere is therefore:
The ratio of scalar to horizontal illuminance produced by a single 
point source is,
„ 1 Ig- . COS20Es = ■£
hm
Es/Eh = \  • cos2©/I| . cos30
4hw hm'
\ i sec 0.
“  4
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Fig. 4.3.
Fig. 4.4.
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BZI
BZI
ARRAY NUMBER
— POSITION 1
—  POSITIONS
Fig. 4.-5. The variation of Ec/Eh with position, intensity
distribution and number of luminaires in the array 
at an S/hm value of 1.0.
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Fig, 4° 6.
Fig. 4»7»
86
B Z 5
 POSITION 1
P o s it io n  2
Fig. 4,S. The variation of .1&/Eh with position, intensity
distribution and number of luminaires in the array 
at an S/hm value of 1.0.
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As in the case of EJc/Eh, the value of E^/Eh for the centre point of
a 4 luminaire array is independent of the intensity distribution of
the sources, and is entirely a function of the spacing to mounting 
height ratio. In this case, however, the relationship is not 
linear.
In figure 4.8 the variation of Es/Eh with position, intensity 
distribution and the number of luminaires in the array is given, 
for a number of distributions at an S/hm value of 1.0. This 
figure corresponds to figure 4.5 for the Ec/Eh ratio. Again, 
the greatest change is in the 4 to 16 luminaire step.
4.3 Results for Symmetrical Point Sources.
To compare the variation of Ec/Eh and Es/Eh with the intensity 
distribution, spacing to mounting height ratio and position of the 
reference point, figures 4.9 to 4.16 have been prepared.
The same reference points have been used as for the MPR study, 
that is, the centre point of the array and under one of the 
luminaires. The reasons for this choice are that the cylindrical 
illuminance will usually show its greatest variation over the 
central area of the installation between these two points, and 
these points are easily identified in a real installation.
Figures 4.9 to 4.10 give the variation of Ec/Eh and Es/Eh with 
intensity distribution ( f e z  number) respectively at S/hnpl.O. 
Examination of the curves show that the Ec/Eh ratio is more 
sensitive than the Es/Eh ratio to changes in the intensity dis­
tribution of the sources.
Figures 4.11 to 4.16 give the variation of Ec/Eh and Es/Eh with 
spacing to mounting height ratio for the two reference positions 
and for RZ1, BZ5 and BZ8 intensity distributions.
Examination of these curves show that the Ec/Eh ratio is more 
sensitive than the Es/Eh ratio to changes in both position and 
S/hm ratio.
88
K H
Eh
Eci
6 7 8  q3 4  5 I o21
Fig. 4.9. The variation of Ec/Eh with intensity distribution 
(BZ number) at an S/hm value of 1.0,
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Fig. 4.10. The variation of Es/Eh with intensity distribution 
(BZ libmber) at an S/hm value of 1.0.
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Fig. 4.11»BZls The variation of Ec/Eh with position and spacing 
to mounting height ratio.
Ehi
2*0IO
S
Fig. 4.12. BZls The variation of Es/Eh with position j$nd spacing
to mounting height ratio.
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Fig. 4.13. BZ5s The variation of Ec/Eh with position and spacing 
to mounting height ratio.
Ehi
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S
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Fig. 4.14. BZ5s The variation of Es/Eh with position and spacing
to mounting height ratio.
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1*0
s
Fig. 4*15* BZ8; The variation of Ec/Eh with position and spacing 
to mounting height ratio.
5
hm
Fig* 4.16. BZ8s The variation of Es/Eh with position and spacing
to mounting height ratio.
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4.4 The Uniformity of cylindrical and scalar illuminance.
Figure 4.17> gives "midpoint ratio" curves for cylindrical 
illuminance, i.e., Ec2/Ecl, for the ten BZ distributions.
Jay in his study of the inter-relationships of design criteria 
(4*5) concludes that the distributions required to satisfy the 
various criteria such as glare index and adequate illuminance on 
horizontal and non-horizontal surfaces, lie in the range from BZ3 
to BZ6. Examination of figure 4.17 shows that Ec2/Ecl lies bet­
ween 1.54 and 1.43 over this range, or in terms of Ecmin/Ecmax,
0.65 to 0.7 respectively. Thus the uniformity of cylindrical 
illuminance approaches that of the horizontal illuminance for 
this range of distributions (at for MPR20*7)
Figure 4.18 gives the corresponding curves for scalar illuminance. 
The curves show that scalar illuminance is generally more uniform 
than either horizontal illuminance or cylindrical illuminance.
The calculations for sections 4.2, 4.3 and 4.4 have been based on 
symmetrical point sources. The calculation of Ec and Es for line 
sources is considered in Appendix I. Perhaps the most significant 
fact that emerges from this consideration is that while the cal­
culation of Es and Ec for point sources present little difficulty 
the calculation of Ec for line sources is much more difficult than 
the calculation of Es.
4.5 Summary of conclusions.
This main section (4) has dealt with the calculation of cylindrical 
and scalar illuminance and the ratio of each of these quantities 
to the illuminance on a horizontal plane.
The conclusions suggested by the data given in the section may be 
listed as followss
(1) The ratio of cylindrical to horizontal illuminance is more 
sensitive than the ratio of scalar to horizontal illuminance
with respect to changes in luminaire intensity distribution, 
position and spacing to mounting height ratio.
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Fig. 4.17. "Midpoint ratio" curves for cylindrical illuminance 
for all the BZ distributions.
Es.
0-5-
2-00-5
Fig. 4.18. "Midpoint ratio" curves for scalar illuminance for 
all the BZ distributions.
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(2) The Ec/Eh and Es/Eh values do not reach a limit with the 
16 luminaire array and continue to increase with the size 
of the array. However, the greatest change occurs in the 
4 to 16 step and so it is suggested that the 16 luminaire 
array should be used where a standard array is required for 
the calculation of these ratios.
(3) In . the; commonly used range of distributions, i.e., from 
BZ3 to BZ6 the uniformity of the cylindrical illuminance 
approaches that of the horizontal illuminance at the 
conventional S/hm values.
(4) The uniformity of the scalar illuminance is usually higher 
for a given S/hm value than that of either the horizontal 
illuminance or the cylindrical illuminance, taking the 
uniformity as the ratio of the minimum to ma^ sirnum value.
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5. THE ILLUMINANCE OF WALLS, CEILING AND WORK PLANE.
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5.1 Introduction.
It has already been mentioned in 2.2 that a standard method exists 
for calculating the utilisation factors necessary for determining 
the average illuminance on the horizontal plane, and that this is 
detailed in I.E.S. Technical Report No.2 (5.1). In I.E.S. 
Monograph No.8 (5.2) the writer developed equations for average 
wall and ceiling illuminance in terms of the direct illuminance 
of these surfaces and the direct and total illuminance of the 
horizontal plane.
These equations are:
Ceiling illuminance El = (XE2.+Eol -Eol)Y ,
where Efcl, Ed2 and Eo3 are the direct illuminance values for ceiling, 
work plane and walls respectively, and E2 is the average total 
illuminance of the work plane. X, Y and N relate to room prop-? 
ortions and the surface reflectances^while Z relates only to room 
proportions. Values of the factors in terms of room index and 
surface reflectances are given in the Monograph. Thefcq equations 
and a simplified version of the table is given in Appendix 3 of 
the 1968 I.E.S. Code (5.3).
It is therefore a relatively simple matter to calculate the average 
illuminances of the walls and ceiling as well as the average 
horizontal plane illuminance. Also I.E.S. Monograph No.10 (5*4) 
deals with the calculation of the value of direct illuminance needed 
to produce specified final luminances.
In spite of the existance of these Monographs the calculation of 
wall and ceiling illuminance values does not receive the same 
priority,in most lighting designs,that is given to the calculation 
of illuminance on the horizontal plane. The reason for this lack 
of interest in wall ar^ d Veiling illuminance is explained below.
Wall illuminance
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The I.E.S. Code does not give a detailed specification of illuminance 
values for the walls and ceiling in the same way that it specifies 
the horizontal plane illuminance. Hopkinson has published many 
papers dealing with apparent brightness and its relationship to 
lighting specifications and a list of these is given in the book by 
Hopkinson and Collins "The Ergonomics of Lighting" (5.5)• In 1965 
Hopkinson published a paper entitled "A Proposed Luminance Basis for 
a Lighting Code" (5.6). This paper included the proposal that the 
lighting should be considered as comprising two components ;M. the 
lighting of the task and 2. the lighting of the general environment 
or the building lighting.
These proposals provoked a great deal of discussion and have re-
J
ceived some acknowledgement in Appendix 3 of the 1968 I.E.S. Code 
where suggested luminance ratios and ranges of luminance are given.
Jay (5.7) has given a suggested range of illuminance ratios in 
terms of the illuminance of the work plane5 and these ares walls
0.5-0.8, ceiling 0.3-0.9. Clearly with such a wide range of 
acceptable values the designer is less likely to take on the 
additional task of calculating wall and ceiling luminance or 
illuminance values than if a tight specification existed.
One of the reasons that such a specification is difficult to produce 
is that the appearance of the luminaires and the texture and colour 
of the surfaces are also important factors in dictating the suit­
ability of the lighting effects for any particular situation.
Another reason is that if the specification of the illuminance values 
on all the surfaces is too rigid designs might become stereotyped 
and variety in luminaire design might be adversely affected.
In addition the uniformity of illuminance is not usually a major 
objective in the lighting of the walls and ceiling. The 
variation of the illuminance over a wide range means that average 
values lose much of their significance. Although this is true with 
regard to the appearance of the room surfaces in detail,, wall and 
ceiling luminance influence glare and adaptation level as well as 
scalar and cylindrical illuminance. Jay gives detailed consider^' 
ation to most of these matters in his paper "Inter-relationship 
of Design Criteria for Lighting Installations" including the
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relationship betwqejji wall, ceiling and work plane illuminance 
for a given BZ distribution, room index and surface reflectance.
From this study, as already mentioned, he concludes that in general 
lighting installations the most useful range of downward distrib­
utions lies between BZ3 and BZ6.
5.2 Direct flux to ceiling, walls and work plane.
In section 5.1 equations are given for the calculation of ceiling 
illuminance and wall illuminance, including the effect of inter­
reflection between all the room surfaces. These equations depend 
for their solution upon a knowledge of the values of direct ceiling 
and wall illuminance.
For a general lighting installation the simplest means of calcul­
ating the flux received by the walls below the level of the 
luminaires is to subtract the direct flux to the work plane from 
the total downward flux. This is the method advocated in I.E.S. 
Technical Report No.2. However, if AE63 is the error in the 
direct wall illuminance (Ed3) caused by an error ADR in the direct 
ratio (DR), it is shown in Appendix I that,
A E p3 = - ADR 
Ep3 1-DR.
It follows that the percentage error in Eo»3 will always be higher 
than that in DR.
This fact must be taken into account when deciding on the acceptable 
accuracy of direct ratio calculations if the results are to be used 
to calculate the direct illuminance of the walls. A similar 
observation has been made by Coomber and Jay, although in a slightly 
different context (5.8).
The foregoing treatment assumes that the luminaires are ceiling
mounted or that the ceiling cavity is to be treated as one surface.
If the flux to that part of the walls which lies above the luminaires
is required then a similar problem is encountered. The error in
the direct wall illuminance above the luminaires will be given by
-ACR , where CR is a ceiling ratio corresponding to the direct ratio 
1-CR
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corresponding to the direct ratio for the plane of work, that is, 
the fraction of the upward luminaire flux that reaches the ceiling 
directly, without first undergoing interreflection. For work of 
reasonable accuracy it is necessary to calculate the zonal 
multipliers that apply to the ceiling with respect £o the 
luminaires. A method for calculating zonal multipliers is given 
in several publications (5«9).
I.E.S. Technical Report No.2 deals with the calculation of the 
direct flux received by the work plane. Tables of zonal 
multipliers for point sources and luminous ceilings are given in 
that report, but nvuLtipliers for line sources are not included.
The writer has shown (5.10) that for sources with similar axial 
and transverse intensity distributions the error caused by using 
the point source multipliers for line sources is small. However, 
Einhorn has shown (5.11) that when the length of the room is much 
greater than the width, differences in orientation and the axial 
and transverse distributions can produce differences of the 
order of 15% in the direct ratio.
I.E.S. Technical Report No.11 deals with the calculation of 
illuminance from line sources, and its treatment is based on the 
aspect factor method referred to in 3.14. The report also 
includes tables which enable the direct flux to the work plane 
or ceiling to be calculated for individual line sources and for 
rows of line sources. These tables rely on classifying the axial 
distribution of the line source. Iri I.E.S. Monograph No.7 the 
writer used the aspect factor method to develop the K factor method 
of calculation the direct flux to the major room surfaces, and this 
method may be applied to distributions which are difficult to 
classify. A computer program for the calculation of K factors is 
given in Appendix 2 of the present work (5.12).
Dourgnon (5.13) has developed an alternative to zonal multipliers for 
the calculating of the direct flux to the work plane. If the 
luminaire downward flux distribution is approximated by a 4th order 
polynomial, differentiation of the expression for the flux produces 
a series of corresponding intensity terms. Each term may be 
treated as an individual source and the direct flux to the work plane
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is calculated for each component source and the total flux
obtained by superposition. The four component sources are
represented by intensity distributions proportional to 
2 31, cos 9 ? cos 9 and cos 0 respectively. Coomber and Simons (5.14) 
have investigated the relative accuracy of the two methods and 
have shown that given the same initial data the differences in the 
calculated direct ratio are generally less than one per cent.
In terms of the photometry required and the time necessary for 
computation the methods are similar.
5*3 Interreflection calculations.
The way in which the techniques for the calculation of the inter- 
reflected component of illuminance have developed over the last 50 
years have been referred to in the introduction to section 2.
Once the technique of employing finite difference equations became 
generally appreciated then the accuracy of the results depended 
mainly upon the number of equations used. Fortunately three 
equations gives acceptable accuracy for utilisation factor cal­
culations and for mean wall and ceiling luminance values.
Where the luminance distribution is required in detail then more 
equations must be used. This is only practicable if a computer 
program is available for their solutionj an example of this type of 
calculation is provided by Phillips and Prokovnik in I.E.S.
Monograph No.3 (5«15)» O'Brien has published a number of papers 
on this subject (5.16) including one entitled "Lighting Calculations 
for Thirty-Five Thousand Rooms" which provides comprehensive data 
for interreflectance calculations in terms of room proportions and 
surface reflectances. O'Brien's configuration factors for cal­
culating the point by point values of interreflected illuminance 
at, the work plane have already been used in section 3.11. An 
example using finite difference equations is given in Appendix I.
5.4 The Effect of non-uniform luminance.
The effect of non-uniform luminance of the room surfaces may be taken 
into account provided a sufficient number of calculations are 
performed. In the majority of practical cases detailed analysis 
of this kind is uneconomic. Also., since the desirable luminance 
distribution is still a matter for debate (5*17) there is little
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incentive to bear the cost of computer programs for this type 
of analysis.
Nevertheless,, the non-uniformity of the luminance of walls and 
ceiling affects the illuminance of the work plane for which 
specifications have to be met. In section 3.11 it was pointed 
out that uniform ceiling luminance produced a non-uniform 
component of illuminance on the work plane. The same is true 
for uniform wall luminance,, where a high value of illuminance is 
produced close to the wall compared to that at the centre of the 
room. Fortunately these two distributions often combine to give 
a substantially uniform reflected component across the work plane.
When one or the other of these components is missing, for example, 
where the walls consist mainly of windows or where a dark ceiling 
is used, a uniform reflected component requires a non-uniform 
luminance of the surface concerned.
Where the reflected component is to be provided by the walls the 
desired non-uniform luminance may be achieved by lighting the 
walls from units placed close to the ceiling at the perimeter of 
the room.
Figure 5.1 shows the distribution of the reflected component in a 
room of index 2;5 (a) when the walls have uniform luminance, and 
(b) when the upper part of the walls have a luminance double that of 
the lower part, the ceiling being assumed black.
Figure 5-2 shows the distribution of the reflected component in 
a room of index 2’5 (a) when the ceiling has uniform luminance, and 
(b) when the outer part of the ceiling has a luminance double that 
of the inner part. From this figure it will be seen that attempts 
to produce a uniform ceiling luminance in indirect lighting 
installations may unintentionally produce non-uniform illuminance 
on the horizontal plane.
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Fig. 5.1. The distribution of work plane illuminance for
(a) uniform wall luminance L,
(b) upper half of the wall luminance L, 
lower half of the wall luminance L/2.
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Fig. 5.2. The distribution of work plane illuminance
(a) when the ceiling has uniform luminance L,
(b) when the centre section of the ceiling has 
a luminance half that of the periphery.
5.5 Summary of conclusions and observations.
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This section has dealt with the calculation of wall,, ceiling and
work plane illuminance, and in particular the necessity for
accurate evaluation of the direct flux received by the room
surfaces*
The main conclusions and observations are as listed below.
(1) In the absence of a comprehensive schedule of preferred 
wall and ceiling luminance values detailed calculation of 
these quantities is seldom undertaken.
(2) The mean values of wall and ceiling luminance are important 
installation parameters because of their effect on adaptation 
level, glare and cylindrical and scalar illuminance.
(3) When the direct flux received by the walls is calculated by 
subtracting the direct flux to the ceiling and the work plane 
from the total flux errors in the direct and ceiling ratios 
produce even larger errors in the value of direct wall 
illuminance.
(4) Non-uniform wall luminance is often in the form of the walls 
having a higher luminance at the top than at the bottom.
This non-uniformity generally improves the uniformity of the 
reflected component from the walls at the work plane.
(5) Non-uniform ceiling luminance produced by increasing the 
ceiling luminance in the vicinity of the walls generally 
improves the uniformity of the reflected component from the 
ceiling at the work plane. Attempts to produce uniform 
ceiling luminance are therefore often incompatible with 
the associated aim of a uniform component of illuminance 
where the ceiling is the main source of light. This 
remark could also be taken to apply to diffusing luminous 
ceiling installations.
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6. FLUX DISTRIBUTION WITHIN THE ENCLOSED SPACE.
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6.1 Introduction.
In the foregoing sections the distribution of light flux at the 
important boundaries of the room have been considered in some 
detail, considering the work plane to be a boundary in this
context. However, it is the space enclosed by these boundaries
)
that is inhabited by the people that occupy the room, ignoring 
that part of the human anatomy that must needs extend below the 
work plane.
Thus the flux distribution within this enclosed space between 
the walls, ceiling and work plane is of considerable importance 
since it determines the flux distribution at the eye and therefore
i
is a major factor in producing the subjective impression of the 
room and its inhabitants. In particular,it determines the 
modelling effect on the features of the inhabitants.
In 1951 Moon and Spencer published a paper (6.1) entitled 
"Modeling with Light". They suggested that the degree of 
modelling present in a general lighting installation should be 
indicated by a "modeling ratio" obtained from the ratio of the 
maximum to minimum luminance produced by the installation on a 
small white sphere located at the point of interest. From 
their study they concluded that this ratio should lie in the 
range from 2 s1 to 6si, with a preferred value of 3^ 1.
At the time of writing their paper Moon and Spencer were of the 
opinion that overall ceiling lighting such as that produced by a 
luminous ceiling gave the most satisfactory luminous environment. 
They therefore limited their consideration to installations of 
this type and decided that the "modeling ratio" could be measured 
as the ratio of the downward illuminance at a point on the hori­
zontal plane to the upward illuminance at the same point.
After further discussion they concluded that the modeling ratio is 
affected mainly by the floor reflectance and recommended that its 
value should lie between 30% and s$0%»
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However, overall luminous ceilings form only a small proportion 
of general lighting installations and so we shall proceed on the 
assumption that satisfactory modelling depends upon more than the 
floor cavity reflectance. The following sections deal with the 
topic in more detail. The treatment consists of a review of the 
publications which have a direct relationship to the position at 
the present time.
6,2 Gershun (1936).
Gershun*s book "The Light Field" (6^2) deals with the subject of 
flux distribution in considerable detail. The treatment is 
mainly mathematical but some consideration is given to the 
application of the concepts introduced to practical lighting 
engineering.
Gershun develops the concepts of mean spherical illuminance and 
the illumination vector as well as the luminance distribution 
solid and the illuminance distribution solid,
The main arguments put forward by Gershun are listed below,
(1) The lighting condition at a point is only completely des­
cribed by the luminance distribution solid, which describes 
in polar form the luminance distribution surrounding the 
point,
(2) The illuminance distribution solid may be substituted for 
the luminance distribution solid in many cases while still 
retaining sufficient information for practical purposes.
(3) The concept of luminance as intensity per unit area of a 
source of light should be replaced by a more general concept 
based on a quantity obtained by dividing the illuminance 
received at a point from bhe source ’.by the solid ;
angle over which the light is received. In practice this 
concept is now used as an alternative to the conventional 
concept (6,3).
(4) That a fundamental quantity of the light field is the mean 
spherical illumance and that this quantity or quantities .. 
directly proportional to it determine the adaptation level of 
the observer. That this quantity is more closely related to
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the impression of adequacy and uniformity than is the 
illuminance distribution on a fictitious work plane.
(5) That the concept of mean hemispherical illuminance should be 
used in preference to horizontal plane illuminance.
(6) That another fundamental quantity of the light field is 
the illumination Vector. This vector represents in 
magnitude and direction the maximum difference in 
illuminance which will occur between opposite sides of a 
small test plane as it is rotated in all directions about 
a point.
That the illumination vector could be used for both 
quantitative and qualitative analysis of a lighting problem 
in concert with mean spherical illuminance.
While the theoretical treatment of the subject matter is thorough 
there is little reference to experimental work to support the 
arguments given in 1 to 6 above (6.4).
The ideas contained in Gershun’s book have recently been revived 
by Lynes, Cuttle and others and their contributions are discussed 
later in this section. With this revival has also come a 
revival of the criticisms of Gershun’s method of treating the light 
field (6.5). Perhaps the main weakness is not the possibility of 
false conclusions being drawn from application of the concepts, 
which is the main argument of the critics, but rather that of over 
simplification reducing the amount of information about the light 
field to a point where a conclusion may be difficult to achieve.j 
Since mean spherical illuminance masks the direction of the 
illumination and since the illumination vector indicates only the 
differences in illuminance it is possible to have quite different 
lighting arrangements producing the same values of mean spherical 
illuminance and illumination vector (6,6).
6.3 Waldram (1954).
The paper "Studies in Interior Lighting" by Waldram (6.7) dealt 
with the distribution of luminous flux both on the boundary surfaces 
of a room and in the enclosed space in a manner quite different to 
that of Gershun.
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Perhaps the major contribution of the paper was the attempt, 
using the data provided by Hopkinson (6.8), to introduce 
design of the visual field as a standard technique by relating 
the luminance of the room surfaces to their desired apparent 
brightness at the initial design stage. However, the paper also 
includes a detailed analysis of modelling and its relationship to 
the spatial distribution of illuminance, and the effect of source 
size on the shadowing produced.
As a standard test object for modelling studies Waldram used a 
small white polyhedron, having 26 sides with most inclined at an 
angle of 45° to the adjacfent sides, . He devised a modelling index 
which was "the greatest range of illumination in each row of facets 
over which the illumination continuously increased or decreased, 
expressed as a ratio",
Waldram*s work on modelling was important in as much as it acted 
like a catylist and produced an upsurge of interest in this subject, 
but it did not suggest an approach which could be adopted as part 
of the routine work of the lighting engineer.
The importance that the designed appearance method gives to the 
walls and ceiling has been challenged by Jay, and the following 
quotation is taken from one of his papers (6.9),
"but the obsession has been transferred to all the plane surfaces 
bounding the room, despite the fact that the walls and ceiling are 
the last thing which most people notice or care about in the normal 
working environment".
Lynes (6.10) has contributed a paper called "Lightness, Colour and 
Constancy in Lighting Design" in which he suggests that the Munsell 
system might be used to define the required appearances of the 
interior surfaces when using Waldram*s designed appearance technique. 
Lynes* . paper is itself a closely reasoned analysis of the problem 
with the additional attraction that it includes the colour of the 
surfaces and therefore takes the lighting designer beyond the grey 
world of what is usually callejd "lighting calculations".
6.4 Lynes, Burt, Jackson and Cuttle (1966).
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During the 1960*s Lynes led a team which gave serious attention to 
the problems associated with flux distribution within the 
enclosed space of a room (6,11).
The main arguments presented by Lynes are that the scalar 
(mean spherical) illuminance is a better indication of the 
adequacy of illuminance than is the horizontal.illuminance and 
that the illumination vector can be used to indicate the apparent 
"flow” of light across a space, due either to artificial lighting 
alone, or the combination of artificial lighting and daylighting,
(' PSALI ), „ These "flow” diagrams are subject to the same
criticism that was voiced by Blondel and repeated by Howe (6.5) 
namely, that the diagrams suggest that light flows round corners.
To this criticism Lynes!s answer is that although light travels 
in straight lines its effects are satisfactorily illustrated by 
these diagrams. In practice the diagrams are difficult to draw 
since they must coincide with a plane of symmetry to ensure that the 
flow lines lie in the plane of the diagram.
In the paper entitled nThe Flow of Light into Buildings" Lynes 
presents a convincing argument for the necessity to consider the 
illuminance on vertical and sloping planes as well as that on the 
horizontal plane. He quotes the experimental work of E^paneshnikov 
arid Sidorova (6.12) to show that scalar illuminance is a better
I
correlate than horizontal illuminance to subjective assessments of 
adequate illumination. He also proposes that the ratio of the 
magnitude of the illumination vector to the scalar illuminance 
should be used as an index of modelling effects. The paper deals 
in some detail.with the calculation of scalar illuminance and 
equations are developed for scalar direct ratios and scalar 
utilisation factors.
A further paper by Cuttle, Valentine, Lynes and Burt was presented 
at the Washington meeting of the C.I.E. in 1967. This paper 
entitled "Beyond the Working Plane" repeated the arguments of the 
earlier paper and offered further experimental evidence in their 
support (6,13).
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The task given to the observers in one set of experiments was to 
alter a dimmer until they were satisfied that a small test model 
was as brightly illuminated as a reference model, figure 6.1.
The lighting of the test model was variable in direction and this 
was aet before each test. The lighting of the reference model was 
fixed in both magnitude and direction. Figure 6.2 , reproduces the 
results obtained, but replotted on a linear scale of illuminance.
The angle relates to the angle above the horizontal of the 
principal light direction.
Examination of the curves shows that the scalar illuminance (Es) 
does not vary as much as either the horizontal illuminance (Eh) 
or the cylindrical illuminance (Ec), and this is the basis for 
the claim that scalar illuminance is a better correlate than 
either cylindrical or horizontal illuminance<to the subjective 
assessments of adequacy of illumination. Nevertheless, it must 
be noted that the scalar illuminance varies by almost 50% 
according to the value of (X • The writer has added a curve to 
the graph representing the geometric mean of Eh and Ec and this 
shows a maximum variation in the region of 11% oyer the whole 
range of values of 0( .
It may therefore be argued that in this experiment, at least, the 
geometric mean of Eh and Ec was an even better correlate than Es to 
the subjective impression of illuminance as assessed by the 
observers.
Cube o f 8 f t  tubes
Arc of 5pt tubes
$
Reference
m«>de I
\
Test #»»«»<* e»
Dimmer
Fig. 6.1 The Lighting arrangement used by Lynes.
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Fig. 6.2. Lynes® results replotted on a linear scale with the 
addition of the geometric 'mean of the cylindrical and 
horizontal illuminance.
114
6.5 Espaneshnikov and Sidorova (1965).
The experiments of Espaneshnikov and Sidorova (6,. 12) were differ­
ent from those of Lynes in a number of important respects.
(1) They dealt with full size interiors and did not use a model.
(2) There were more observers.
(3) The predominant direction of view was intended to be at 90° 
to the downward vertical, i.e., towards vertical surfaces.
Given condition 3 it is not surprising that the results show that 
the cylindrical illuminance at the eye of the observer (not at the 
point under observation) proved a reliable guide to the subjective 
impression of adequacy of the illuminance in this type of situation, 
namely, railway stations and public halls.
i
At this point it is worth noting another significant difference 
between the two sets of experiments. In Lynes's study the 
observers nwere instructed to adjust a dimmer control until they 
were satisfied that both groups of figures appeared to be equally 
brightly illuminated". They were not asked if the illuminance was 
adequate or satisfactory.
In the full size experiments the observers were asked for a different 
judgement that is "is the saturation of the scene with light 
sufficient?". Thus the experiments cannot be directly compared and 
each must be judged on its own merits.
Espaneshnikov and Sidorova measured Eh, Ec and Es and so it is 
possible to compare the degree of satisfaction expressed with the 
variation of each of these quantities. Figures 6.3, 6.4, 6.5 and
6.6 show the percentage of observers satisfied in relation to Eh, Ec, 
Es and j~EhEc respectively.
From these results it can be seen that the cylindrical illuminance 
is the most reliable guide in the critical region where the 
observers? preference is undergoing a rapid rate of change with 
increase in illuminance.
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Fig. 6.3. The results of Epaneshnikov and Sidorova, Subjective
assessments of adequate illumination (Eli).
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Fig. 6*4. The results of Epaneshnikov and Sidorova, Subjective
assessments of adequate illumination (Ec).
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Fig. 6.6. The results of Epaneshnikov and Sidorova., Subjective 
assessments of adequate illumination ( J EhEc):.
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In this particular experiment both EJs and J' EhEc provide some 
guidance to the degree of satisfaction as expressed by the observers, 
which, although not as good a guide as Ec, is better than Eh.
To conclude this section it is relevant to note that a pilot study 
reported by Lynes in the discussion of Saunders1 paper on diversity 
of illuminance (6.14) showed that Mthe uniformity ratio in terms of 
mean cylindrical illumination appeared to be more consistent than 
that of scalar illumination, which was more consistent than that 
of horizontal illuminationn.
This pilot experiment relied on observers' opinions of the 
uniformity when viewing the interior of an office through an 
aperture and therefore does not relate directly to the visual 
conditions experienced by a person working at a desk in such an 
office. However, the results do add evidence to support scalar 
and particularly cylindrical illuminance as important parameters 
in the design of the visual field.
6.6 Hewitt, Bridgers and Simons (1965).
In a paper published in 1965* Hewitt dealt with a number of 
experiments related to the observer's impression of his environ­
ment (6.15). At the suggestion of the writer (6.1d) an attempt 
was made to correlate the modelling effects with the ratio of 
horizontal illuminance to cylindrical illuminance at the position 
occupied by the model; which was a full size figure seated at a 
desk close to a wall. It is of interest to note that a matt white 
sphere was found to be an unsatisfactory test object for this 
purpose. This finding may be compared with that of Moon and Spencer 
mentioned in 6.1.
The test results for the modelling of the human face are given in 
the paper. The authors conclude that it was difficult to establish 
a relationship from these results, because the integrating effect 
of using cylindrical illuminance as a measure meant that a dark wall 
behind the model could have a significant effect on the Eh/Ec ratio 
but only a slight effect on the observed modelling.
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The writer has taken the Hewitt results and.separated them into 
two sets, (1) where all the walls have a similar reflectance 
(2) where at least one wall has a different reflectance. These 
two sets of results have been plotted separately against Ec/Eh 
since this ratio has been used in the earlier sections of the 
present work. Figure 6.7, gives the results where all the walls 
have a similar reflectance. A smooth curve has been drawn 
through the experimental points. If the four experimental points 
giving the highest sqoi'e are used as the criterion then the 
desirable range of Ec/Eh for good modelling lies between 0.25 and
0.5.
In figure 6.8, the results are given for the case where at least 
one wall has a different reflectance to the others. These 
results do not allow a smooth curve to be drawn taking all the 
experimental points into account.
Bearing this fact in mind we may nevertheless note the following:
(1) The maximum degree of satisfaction expressed is higher.
This is to be expected since the more variables a higher 
degree of modelling should be possible.
(2) The four experimental points relating to the highest score 
lie within the range 0,25 to 0.5.
Two more recent studies in which Eh/Ec ratios were measured for 
installations considered visually satisfactory are those of 
Aldworth and Bridger (6,17) and Lumsden and Hallifax (6,18),
In the first case the mean value of Ec/Eh ratio was 0,4 and in the 
second case it was 0,33* Both of these results lie within the 
preferred range,
6.5 Guttle (1971),
Cuttle, who was a member of Lynes1" team and a co-author of the two 
papers discussed in 6,4, published a paper in 1971 entitled "Lighting 
Patterns and the Flow of Light" (6.19). This paper dealt in con­
siderable detail with the appearance of objects and people and in
'i
particular, in the way that lighting can influence this appearance.
Fig.
Fig.
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6.7. Hewitt's results; average modelling assessment against 
Ep/Eh, with all walls having a similar reflectance.
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Hewitt's results; average modelling assessment against 
Ec/Eh, with at least one wall of different reflectance 
to the others.
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Many of the concepts described in the paper correspond to those 
given in Gershun1s book (6.2), including the dependence of the 
lighting condition at a point upon the luminance solid and the 
relationship between the illumination vector and the illuminance 
solid. Gershun also discussed the concept of the mean hemi­
spherical illuminance which also appears in Cuttle’s paper.
However, Cuttle deals with these concepts in a different manner 
and extends both the concepts and their application.
Much of the earlier work reviewed in 6.4 is restated but with a
change of emphasis. In place of the earlier suggestion of a
"modelling code" in terms of vector/scalar ratios, Cuttle re­
emphasises the use of the vector direction to indicate the 
"flow" of light and the vector/scalar ratio is referred to as
"an index of a type of lighting".
In contrast with Hewitt, Cuttle found the appearance of a matt 
sphere a convenient object for studying the effect of changes in 
the vector/scalar ratio.
The reason for this agreement between Moon and Spencer and Cuttle 
over the matter of the form of the test object and Hewitt's dis­
agreement lies in the different nature of the experiments.
Moon and Spencer used the sphere to show what they called the 
"modeling" properties of overhead lighting installations and con­
cluded that the ratio of the downward to upward illuminance at the 
point gave a suitable index. In Cuttle's terms what they were 
really measuring was the strength of the flow of light, and so 
agreement over the test object is understandable. Hewitt on the 
other hand did not consider the flow of light separately from the 
modelling aspect, and gradations on the surface of the sphere were 
insufficient for critical analysis of modelling which requires 
contained shadow as well as illuminance gradation.
As a contribution to the study of the lighting condition at 
individual points Cuttle introduces the concept of the effective ; 
vector and the effective vector/scalar ratio.
The effective vector is the component of the true vector acting 
in the plane at right angles to the direction of view. Cuttle 
shows that the effective vector takes into account the direction 
of view, a factor missing from earlier work. He demonstrates 
that experimental results given in the Washington C.I.E. paper (6.13) 
may be simplified when interpreted in terms of the effective 
vector/scalar ratio.
In analysing his results Cuttle draws the following conclusion 
regarding vector altitude "a flow of light having a vector 
altitude between 35° and 45° will provide attractive viewing of 
the human features while containing the apparent variation of 
strength of illumination patterns within satisfactory limits".
It is worth noting that in the majority of general lighting 
installations, when daylight is absent, the vector direction is 
well above 45°> and as a consequence the effective vector is 
usually little different from the true vector.
6.8 Observations and conclusions.
The papers reviewed in this section have each made a significant 
contribution to the discussion concerning the most useful way of 
describing the lighting condition within the enclosed space of a 
room. From the evidence available it would seem that cylindrical 
illuminance is a better correlate to the subjective impression of 
adequate illuminance than horizontal illuminance. Scalar 
illuminance is not such a good correlate but is often better than 
horizontal illuminance.
The geometric mean of the cylindrical and horizontal illuminance 
may prove to be a reliable index of equivalent illuminance in some 
situations, and merits further study. For example, if the criterion 
for a judgement of equivalent illuminance is assumed to be equality 
in values of J EhEc it may be applied to the two reference points 
used in section 3*
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Let n/eciTeIiI = jEc2.Eh2
then Ecl.Ehl = Ec2.Eh2
or Eel _ Eh2 ■,
Ec2 Ehl
that is, equivalence occurs when the uniformity of cylindrical 
illuminance is equal to the uniformity of horizontal illuminance. 
The results of applying this condition to BZl and BZ5 distrib­
utions for a 16 luminaire array are given below:
S/hm
1.36
1.54
The BZ5 distribution satisfies the equivalence criterion at an 
S/hm value close to that at which it satisfies the horizontal 
plane uniformity criterion of 0.7 whereas the BZl distribution 
satisfies the equivalence criterion at a much, larger S/hm -value 
than that at which it satisfies the uniformity criterion. This 
could be taken to be one of the reasons why BZl installations 
are often unsatisfactory.
Further study would also be useful into the relative value of the 
vector/scalar ratio and the cylindrical to horizontal illuminance 
ratio as alternative means of indicating the lighting condition at 
a point. This would require two separate studies (1) a study to 
determine if changes in the lighting condition at a point are 
closely related to changes in these ratios (2) further work on 
observer preference.
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7. INTRODUCTION.
Between 1951 and 1956 Potter and Russell (7.1) published a series 
of papers dealing with the measurement of utilisation factors.
These papers contained data which confirmed that more accurate 
calculations of utilisation factors cchald be made if the Jones 
and Niedhart zonal multipliers for direct flux and the Moon and 
Spencer interreflectance data were substituted for the Harrison 
and Anderson data which had been used for 30 years (see sections
2.0 and 5.0 in Part One).
The British zonal method introduced in 1961 was based on the Jones 
and Niedhart method and the Moon and Spencer data.
In December I960 Phillips and Prokhovnik published a paper 
entitled "The New Abroach to Inter-reflections" in which values 
of utilance calculated by means of finite difference equations 
were compared with the Moon and Spencer values and those 
measured by Potter and Russell. This study demonstrated that 
the use of finite difference equations generally resulted in more 
accurate solutions than the Moon and Spencer data. The differ­
ences between measured values and calculated values were of the 
order of 6%, The calculated values were low.
In 1971 a revised version of I.E.S. Technical Report Number 2 
was published which included a more accurate set of zonal 
multipliers and utilance tables calculated by means of finite 
difference equations.
One of the purposes of the present work was to compare values of 
utilance calculated by means of finite difference equations with 
those obtained by measurement. There are several differences 
between this work and that of Potter and Russell
1. Potter and Russell used a full sized enclosure, whereas this 
study employed a model room.
2. Potter and Russell carefully selected the lamps for their test 
installations and adjusted the voltage to each lamp to ensure 
that all the lamps give a similar output. This does not occur
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with normal lighting installations. In the present study- 
each lamp was photometered and the mean polar curve for all 
the lamps in the installation was used to calculate the flux 
and illuminance values.
The intention of the present work is to indicate the differences 
that are likely to occur between calculated and measured values 
of utilance when specially selected and controlled lamps are not 
used and when some of the room surfaces are not uniformly diffus­
ing.
In addition to utilance measurements some measurements of wall 
and ceiling luminance have been made, as 'well as the reflected 
component of illuminance on the work plane from the ceiling, and 
from one wall.
Midpoint ratios have been measured and compared with calculated 
values based on the mean polar curves.
Measurements of horizontal, vertical and scalar illuminance at two 
reference points have been made and the cylindrical to horizontal, 
scalar to horizontal and vector/scalar ratios have been calculated 
as well as the ratio of the downward to upward illuminance. To 
illustrate the lighting conditions related to these measurements 
a small metal figure was placed in the model at each of the 
reference points in turn and photographed.
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8, THE VARIABLE INDEX MODEL ROOM (VIMR).
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8,1 Introduction.
The purpose of the apparatus was to obtain data for comparison 
with theoretical predictions, and to study some aspects of flux 
distribution unsuited to purely mathematical investigation.
Initially it was thought that a model room 1m by lm by 1m would 
be of a suitable size for the proposed experimental work.
However., it was eventually decided that, since a permanent structure 
was envisaged, as part of the laboratory equipment, a 0.75m cube 
would be better.
This decision was based on the size of the room in which the model 
was to be housed, and the fact that the ceiling was to be 
adjusted in height by means of a handWwhebl. Ceiling panels of 
various types carrying up to 16 lighting units were to be used, 
and the reduction in size made changing these panels much easier.
The structure of the model room was developed as shown in figure 8.1, 
and the room has the following features?
1. The ceiling may be raised or lowered to change both the room 
index and the spacing to mounting height ratio of the luminaires.
2. Different ceiling panels may be inserted to allow changes in the 
layout and type of lighting units.
3. The wall, floor and ceiling surfaces may be varied in reflectance 
by inserting hardboard panels.
4. A,photocell trolley is provided which is controlled by two 
handles on the consold outside the model. This arrangement 
allows a photocell to be positioned at a given set of x,y 
coordinates without opening the model room.
5. Holes are provided in the floor and in one of the walls to 
allow the ceiling and wall luminances to be measured.
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Fig. 8.1
The variable index 
model room
Fig. 8.2 Below- 
the top of a typical 
ceiling panel
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8.2 Construction of the VIMR.
The model room was constructed from square section metal channel, 
angle iron, mild steel rod and bar, hardboard and wood.
The outer enclosure is made of hardboard arjd wood, with a 
removable panel on one side for access, and a light tight lid.
The lid incorporates a darkroom type extract fan. The interior 
surfaces of this enclosure are painted matt black.
Vertical grooves at each corner allow hardboard wall panels of the 
required reflectance to be inserted. The ceiling panel is carried 
by a small section angle iron frame which is supported at the 
corners by metal rods. These metal rods pass through the base 
and are fixed to crossmembers, fig.8.1. The crossmembers are 
joined beneath the centre of the base on to a metal collar which 
slides up or down a circular shaft.
At the top of this shaft a system of sprocket wheels controlled by 
a hand-wheel carries motorcycle chains attached at one end to the 
crossmembers and at the other to counterbalance weights.
The whole of this structure is supported on a square section 
channel frame.
On one side of the model a console is provided to carry the photocell 
trolley and ceiling controls, and the supply connections to the lamps.
The handle at the lefthand side of the console controls the move­
ment of the photocell trolley in the direction at right angles to 
the console, while that on the righthand side controls its movement 
parallel to the console.
The hand-wheel to raise and lower the ceiling is mounted in the centre 
of the console. A,perspex window is provided in the top of the 
console to enable the operator to monitor the position of the photo­
cell.
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To house the mechanise for moving the trolley it was necessary to 
leave a gap between the sides of the main enclosure and the base.
To ensure that light does not enter the model from outside a metal 
trunking is fitted around the base which encloses the pulley 
assembly and is terminated by fitting into the console at each end.
The height of the ceiling is indicated by means of a graduated 
scale on one of the legs of the supporting frame and a pointer is 
attached to the crossmember.
The ceiling reflectance may be changed by means of detachable 
hardboard ceiling panels wfcikdi have holes for the light sources. 
These panels are held in place by knurled nuts and screws.
Fig. 8.2, shows the top of a typical ceiling panel. The lamps 
are connected to brass strips to reduce volt drops and the leads 
from the strips to each lamp are all of the same length. The 
voltage at the brass strips is monitored by & digital voltmeter.
8.3 Photocell trolley’assembly.
The movement of the trolley is controlled by a wire and pulley 
assembly similar to that used on a curve plotter and the x and y 
coordinates may be altered at the same time.
The trolley moves along a pair of rails in the nyn direction, 
at right angles to the console. The whole assembly, including 
the rails, moves in the nxn direction, parallel to the console,
figure 8.3(G|). The distance that the trolley moves in the nyn
V ■.
direction is indicated by the extension of a graduated spring- 
loaded metal tape, and the distance moved in the nxn direction 
is indicated by a marker on an extension to the trolley rails.
The marker is in the form of a transparent cursor which moves 
above a calibrated scale and can be viewed through the console 
window.
Both the metal tape and the calibrated scale are marked in centi­
metres and the cursor carries a rightangled marker graduated in 
millimetres so that the position of the photocell may be read off 
at the cursor to the nearest millimetre, figure, 8.4.
The photocell leads are screened and lie loose on the floor of 
the VIMR; they are long enough to allow free movement of the 
trolley. The leads are brought out through the console and 
connected to the external circuit by means of a co-axial 
connection.
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Fig. 8.3. The photocell heads, luminance tube 
and the test figure.
Fig. 8.4. The "x" and ny" direction scales 
and the cursor.
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9. THE VIMR PHOTOCELL FOR MEASURING HORIZONTAL ILLUMINANCE.
9.1 Introduction.
The essential requirements for this photocell were that it should 
give a linear response., be small in relation to the dimensions of 
the VIMR, and have a good degree of correction for cosine error. 
It was also desirable that it should have colour correction.
The photocell chosen was the 14mm Megatapn type MF. Megatron 
supplied dnj unmounted, potted, photocell type M with a correction 
filter to convert it to type MF. A neutral density filter of 
transmittance 0.25 was added to reduce photocell illuminance and 
improve linearity. A.special mount was constructed for the 
photocell which incorporates a cosine correction disc and the 
electrical connections to the cell. The cosine correction is of 
the disc form described by Plbijel and Longmore (9.1) but differs 
in construction, figure 8.3 ($0.
The smallest cell dealt with by Pleijel and Longmore was 25mm 
and so exact data for a 14mm cell was not available. To avoid 
the necessity of making up a series of screening rings and 
diffusing discs the following design was adopted.
The photocell mount incorporated a fixed sized screening ring 
designed to give a 60° cut-off. The diffusing disc was machined 
from 040 Perspex sheet and made in the form of a plug which was a 
tight push fit into the aperture of the mount.
The cut-off angle and the amount of vertical surface exposed was 
adjusted by means of black flock paper washers. The plug was 
gradually pushed into the mount and its height relative to the 
screening ring was adjusted by means of a micrometer. The 
degree of cosine correction obtained in this way is detailed in 
section 9.4. .
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9.2 The photocell amplifier.
To ensure sufficient output to operate a digital voltmeter 
or a curve plotter it was necessary to amplify the photocell 
output.
After considering the comments of Horton (9.2) concerning 
amplifiers for photovoltaic cell circuits an operational 
amplifier was chosen. This type of amplifier has a high degree 
of linearity, and has a very low input impedance. These 
characteristics ensure linear operation of the photocell* amplifier 
combination. ’
9.3 Linearity.
To test for linearity of response with respect to changes of 
illuminance the photocell was placed at one end of a 2m photo­
meter bench* and illuminated by a 750 watt grid filament projector
lamp mounted on a moveable lampholder. Figure 9*1 shows the
2reading of the D.V.M in millivolts plotted against l/d . If the
2error is calculated in terms of Ed taking the value for the 
minimum illuminance as a reference* the maximum error is 1.3%.
9.4 Cosine error.
To test the cell for variation of response with angle of illumin­
ation the photocell was mounted on a goniometer at one end of the 
photometer bench and illuminated by the projector lamp. The dis­
tance of the lamp from the photocell was made as large as practic­
able to reduce to a minimum the angle subtended by the filament at 
the photocell.
The photocell was rotated and its response related to that obtained 
when the cell face was normal to the light path. This test was 
carried out for a series of heights of disc and different cut-off 
angles. The results given in figure 9.2 are for the best correction 
that could be obtained. To produce a satisfactory response in the 
80° to 85° region it was found necessary to allow the diffusing disc
to project above the screening ring by 0.23mm. Because of this
0 o
projection the response at 90 was 2% of the value at 0 .
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Fig. 9.1. Linearity - 14mm cell.
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Fig. 9.2. Cosine error - 14mm cell
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9-5 Calibration,,
The experiments carried out with the VIMR relied on the use of 
arbitrary units, but it was necessary to relate the intensities 
given on the distribution curves, obtained with the 25mm cell to 
the illuminance values produced in the VIMR and measured with the 
14mm cell.
To determine this relationship one of the opal spherical lamps was 
mounted in the VIMR at a fixed distance above the 14mm photocell 
and the reading of the DVM recorded with the lamp operating at 
the correct voltage.
Then, Q % DVM reading = Si
«
giving,
Q = i/d
DVM reading
The factor Q was used to convert the DVM readings into illuminance 
units compatible with the units of I.
9.6 Temperature rise.
The maximum power input to the VIMR is 240w and it was thought that 
this level of power input might produce a temperature rise sufficient 
to change the photocell response.
The temperature at the face of thq 14mm photocell was measured 
after a sufficient period of time had elapsed to allow it to 
stabilise. With the opal spherical lamps mounted 10cm above the 
photocell the temperature was 31«5°C for an ambient temperature of 
21°C. No change in the cell response was observed.
Heap and Tuck (9.3) found that 25mm selenium photocells with a 
IK jcl load gave no variation in response with1temperature over the 
range 20°C to 41°C. {
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1°. THE VIMR PHOTOCELL FOR MEASURING SCALAR ILLUMINANCE.
10.1 Introduction.
A 14mm Megatron photocell was fitted into a table tennis ball to 
form an integrator in the manner described by Lynes (10.1).
The photocell head and mount1 is shown in figure~8.3(B)-.
The main purpose of the scalar head was to measure the scalar 
illuminance at the positions occupied by the head of the test 
figure, figure 8.3(A). The size of the scalar head was rel­
atively large, being similar in size to the head of the test 
figure. In section 21.3 spm,e calculated values are compared 
with measured values under extreme conditions of illumination, 
the light source being very close to the scalar head, and agree­
ment to within 5% is shown.
10.2 Linearity.
The linearity test was carried out in the same , irianner as that 
for the 14mm cell described in 9.3. The results of the test are 
shown in figure 10.1. The calculated maximum error in terms of 
Ed for the minimum value of illuminance is 0.7%•
10.3 Uniformity of Response.
A perfect scalar illuminance head would have a response which was 
independent of the direction of illumination. To obtain the 
response the practical head1 described above'.was mounted on the
goniometer used for the cosine error test. The head was tested
o -y
for variation in response over 360 in ^wo planes, one normal to 
the photocell, and the other parallel to the photocell.
The horizontal masking required to compensate for the obstruction 
caused by the photocell base gave a , symmetry to the planes passing 
through the normal to the photocell which was not present in planes 
passing through the axis lying parallel to the cell. Thus the 
curve in figure 10.2 cap be thought of as similar to the vertical 
polar curve of a light source which is symmetrical about the 
vertical axis. The curve given in figure 10.3 becomes an azimuth 
curve giving the 90° points on the vertical curves.
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Fig. 10.1. Linearity - scalar cell.
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180*
Fig. 10.2. Scalar head - variation of response with direction of 
illumination - plane passing through the normal to the 
photocell face.
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180°
M EAN
Fig. 10.3. Scalar head - variation of response with direction of 
illumination - plane parallel to the photocell face.
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To obtain a true mean value the values given on the vertical curve 
were weighted in the same way that intensity values are weighted 
for a polar curve to obtain the mean spherical luminous intensity. 
The mean value is indicated by the dotted curves in both figures. 
The deviation from the mean value was +6.9% to -6.1$. The reading
for light coming from directly behind the cell was obtained by
adjusting the recorded response to allow for the estimated 
obstruction caused by the bracket used to hold the head on the
goniometer. This bracket is not present when the head is used in
the VIMR. .
10.4 Calibration.
The procedure was similar to that of section 9.5* except that the 
calibration equation was,
Qsjtf DVM reading = ~ 9 
4d
giving, .
Qs = I/d2
4(DVM reading).
10.5 References.
10.1 Lynes, J.A., Burt, W., Jackson, G.K., and Cuttle, C., 
Trans. Ilium. Eng. Soc. (London), Vol.31, p.65,, 1966.
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11. THE VIMR PHOTOCELL FOR MEASURING VERTICAL ILLUMINANCE.
11.1, Introduction.
The original intention was to measure the cylindrical illuminance 
at positions occupied by the small test figure which was photo­
graphed to illustrate the quality of the lighting at each of the 
reference points. As the theoretical work progressed it became 
evident that it would be worthwhile to measure the vertical 
illuminance on a number of planes through these points and also 
the horizontal illuminance.
For this reason a 25mm cosine corrected, colour corrected EEL 
photocell was mounted in a holder which could be adapted to 
allow each of these measurements to be carried Out, figure 8.3(D).
11.2 Linearity.
The linearity test was carried out in the same manner as that for
the 14mm cell described in 9.3. The results for the test are shown
2in figure 11.1. The calculated maximum error in terms of Ed for the 
minimum value of illuminance is 1.8$.
'N
11.3 Cosine error.
The test was carried out in the same manner as that described in 
9.4* except that the relative positions of the diffusing disc and 
the screening ring were fixed. The results given in figure 11.2 
were obtained after slightly roughening the surface of the diffusing 
disc.
11.4 Calibration.
The calibration procedure was similar to that described in 9.5 for 
the 14mm cell.
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Fig. 11.1. Linearity - 25mm cell, cosine corrected.
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Fig. 11.2. Cosine error - 25mm cell.
12. THE VIMR PHOTOCELL FOR MEASURING LUMINANCE.
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12.1 Introduction,
Although a Hagner photoelectric luminance meter was available 
the problems of stability and scale, $s well as the difficulty of 
using this instrument to measure the ceiling luminance through 
holes in the floor of the model, made its use inconvenient,
A simple luminance meter was developed in the form of an 
internally blackened tube with a 25mm Megatron Type M photocell 
fitted into a holder at one end, figure 0;.3(fi). The tube is 
30cm long, with a 2.5cm diameter aperture. Adaptors allow the 
tube to be aimed through holes in either the wall or the floor 
to measure wall or ceiling luminance.
12.2 Linearity test.
The linearity test was carried out on the 2 metre photometer 
bench as described for the 14mm cell in 9.3»
The results of the test are shown in figure 12.1. The calculated
2maximum error in terms of Ed for the minimum value of illuminance 
is 1.9%.
13^ .3 Field of view.
The size of the masking tube gives a maximum field of view of 9.5°* 
When measuring the wall luminance the area of the wall reflecting 
light on to the photocell is fixed since the distance from the wall 
to the photocell is fixed, but when the ceiling luminance is measured 
the area illuminating the photocell depends upon the height of the 
ceiling.
To determine the change in the measured luminance value caused by 
altering the ceiling height, the height was varied from 30 to 60cm 
and the percentage change in the DVM reading was calculated.
The results are given in figure 12.2, the first test refers to lower­
ing the ceiling and the second test to raising the ceiling. In both 
cases the maximum change was less than 4%.
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Fig. 12.1. Linearity - 25mm cell, plain faced, 
used in the luminance tube and the 
small distribution photometer.
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Fig. 12.2. Effect on the measured luminance values of 
altering the ceiling height.
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The test was carried out with a white ceiling illuminated by the 
opal spherical lamps with black walls and floor.
12.4 Calibration.
The luminance tube was fixed at an angle of approximately 30° 
to the normal of a small white diffusing panel and at a distance 
of about 15cm. The panel had the same type of finish as the 
ceiling panels. The tube we^ s aimed at the centre of the panel 
which was placed at the centre of the VIMR in a horizontal position 
and uniformly illuminated by the 16 opal spherical lamps. The DVM 
reading produced by the luminance tube photocell was recorded.
The small panel was then moved to one side and the 14mm cell moved 
into the position previously occupied by the centre of the panel. 
The DVM reading for the 14mm cell was recorded. Since the 
reflectance of the white panel was known it was possible to calcul­
ate a calibration factor for the luminance tube compatible with 
the illuminance units used in other parts of the study.
Fig. 13.1
The large distribution photometer.
13. POLAR DISTRIBUTION PHOTOMETERS.
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13.1 Introduction.
The laboratory has a large distribution photometer with a 4.9m 
optical path, figure 13.1. This photometer was suitable for 
photometering the 8w fluorescent tubes, but inconvenient for the 
photometry of the 5w reflector lamps and other low wattage fila­
ment lamps used in the VIMR. For this reason a small distribution 
photometer was constructed with an optical path length of 1.15m 
and the general arrangement of this photometer is shown in figure
13.2. The screening box has been removed to reveal the photocell. 
The angles of elevation of the photometer arm are indicated on an 
illuminated protractor at the axis of the arm, in addition a 
precision potentiometer is attached to the pivot to enable a 
signal proportional to this angle to be fed to a curve plotter if . 
required. The azimuth angles are indicated on the lampholder 
support collar.
13.2 Linearity.
The linearity test for the photocell used wi$h the large dis­
tribution photometer was carried out in the same manner as that
for the 14mm cell as described in 9.3» The results are given in
2
figure 13.3. The calculated maximum error in terms of Ed for the 
minimum value of illuminance is 1.1$.
The photocell used on the small distribution photometer is the same 
one that was used in the luminance tube and the test results given 
in figure 12.1 apply.
Fig. 13.2. The small distribution photometer. 
mY
700-
600-
3QO-
200 -
o s
Fig. I3.3. Linearity - large distribution photometer cell.
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14. THE LUMINAIRES USED IN THE VIMR.
14.1 Introduction.
The lighting units were required to provide a variety of 
intensity distributions and to be of simple construction.
The lighting units used were:
(1) 15 watt silica sprayed opal spherical lamps;
(2) 5 watt internally silvered reflector lamps;
(3) 8 watt fluorescent tubes mounted in batten type luminaires;
(4) 10 watt vertically mounted festoon lamps with shades to 
produce a sharp cut-off.
The 10 watt lamps were run at 15v instead of the rated 24v to 
ensure a satisfactory life.
For convenience, all these sources will be referred to as 
luminaires wherever necessary.
Figure 14.1 shows the filament lamp units while figure 14.2 shows 
the fluorescent tubes. The intensity distributions are shown in 
figures 14'.35 14.4 5 14,5 and 14.6.
14.2 Calibration of the luminaire positions.
The position of the luminaires relative to the "x" and nyn scales 
in the console were established by means of a specially made jig, 
figure 14.7. The procedure was to replace the 14mm photocell 
by the small metal plug which was centre drilled to accept the 
conical end of the large locating pin which was fitted through one 
of the lampholder holes.
In this way the coordinates of the centre of one of the lampholder 
holes was determined on the scales within the console and the co-­
ordinates for the other holes were calculated. The fluorescent 
luminaires were located by comparison with the coordinates of these 
lampholder holes.
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A  J l
Fig. 14.1 The filament lamp lighting units used in 
the VIMR.
Fig. 14.2 The fluorescent tube luminaires used in the VIMR.
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0°
Fig. 14.3. The intensity distribution curve, in arbitrary 
units, of the opal spherical lamps.
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Fig. 14
Fig. 14
.4. The intensity distrib­
ution curve for the 
internally silvered 
reflector lamps.
o°
.5. (below) - The intensity distribution.curve for the sharp 
cut-off luminaires.
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Fig. 14.6. The intensity distribution curves for the fluorescent 
luminaires.
Fig. 14.7. The jig and spirit level used to position the lamps 
and the photocell.
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The circular metal plug was also used to ensure that the photocell 
collar was truly horizontal as it provided a suitable surface for 
the small spirit level to be used.
14.3 Scale Factors.
Unlike model rooms which are primarily intended for visual appraisal, 
accurate representation to scale of a particular interior was not 
one of the major objectives in the construction of the VIMR.
The luminaires were intended to produce a particular type of dis- _ 
tribution rather than to be scale representatipns.of existing full 
size units. The relative size of the photocell varies according 
to the parameter chosen to establish the scale factor. For 
example, with a 16 fitting array the distance between the centres 
of the luminaires is l8.5cmy if the spacing to mounting height ratio 
was set at 1.5:1.0 and the full size mounting height taken as 2m 
then 18.5cm represents 3m arid the 14mm photocell represents a full 
size cell with a diameter of 22.7 cm. If the spacing to mounting 
height ratio is 1.0:1.0 the photocell diameter represents 15.2cm.
One of the limitations of the model is that altering the room 
index by raising the ceiling also alters the spacing to mounting 
height ratio.
There are however, advantages in using a fixed spacing between 
fittings and allowing the S/hm value to alter. When direct ratios 
are plotted it is legitimate to draw continuous curves through the 
points,which is not so if the S/hm value is fixed.while the room 
index is changed.
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15. SURFACE REFLECTANCES AND LUMINAIRE INTENSITY DISTRIBUTIONS.
15.1 Measurement of reflectance characteristics.
•i
Four different surface finishes were used in the VIMR, ftiatt white, 
light grey with a gloss, matt dark grey and matt black.
Sample panels were taken to the Thorn Lighting Laboratories at 
En|ield and the reflectances measured on a Taylor reflectometer 
and an EEL reflectometer. The mean values obtained from at 
least six measurements on each sample were:-
White 0.87
Light grey 0.4^
Dark grey 0.17
Black 0.05 o
The same samples were mounted on a goniometer in the Medway College 
Laboratories and the reflection characteristics investigated.
The polar distributions obtained are shown in figures 15.1* 15*2,
15.3 and 15.4.
These results confirm the matt nature of three of the samples and
also show the effect of the gloss finish on the light grey panel.
The values of wall and floor reflectance^used in the interreflection 
calculations were lower than those given above to allow for the 
effect of the black supporting channels and the work plane cavity. 
Also the fluorescent luminaires covered a relatively large ceiling 
area and so adjustment was made to the value of ceiling reflectance. 
These adjustments are discussed again in section 17.
15.2 Measurement of luminaire intensity distributions.
Distribution curves were taken in vertical planes for each of the 
luminaires. For the symmetrical luminaires these measurements 
were taken at four azimuth angles 0°, 90°, 180°, 270° and a mean 
distribution calculated from the 64 sets of values obtained in 
this way.
90°
Fig. 15.1. The distribution of reflected light -
white ceiling panel - angle of incidence 40C
90°
Fig. 15.2. The distribution of reflected light -
light grey walls - angle of incidence 40°.
ko
Fig. 15.3* The distribution of reflected light -
dark grey floor - angle of incidence 40°.
The scale is ten times that of 15.1 and 15.2>
Fig. 15.4. The distribution of reflected light -
black surfaces - angle of incidence 40°. 
The scale is the same as in 15*3 above.
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In the case of the fluorescent luminaires the axial and trans­
verse polar curves were measured, as well as the intermediate , 
curve at 45°• From this data mean axial and transverse curves 
were obtained as well as a weighted mean of all the curves.
All intensity values were in arbitrary units.
The light centre of the fluorescent luminaires was taken as the 
geometrical centre of the lamp.
In the case of the reflector lamps the filament was taken as 
defining the light centre.
v
The opal spherical lamps and the sharp cut-off luminaires were 
much larger than the reflector lamps and so separate experiments 
were performed to determine the effective light centres.
The luminaire was placed in the VIMR with all the surfaces black 
and the VIMR photocell response recorded for a series of different
heights of the ceiling above the floor.
1/nT e was plotted against this distance (d) where E is the photocell
response. The photocell face was 12cm above the floor and so
subtracting this from the value of d at which the straight line
obtained crosses the axis gave the effective light centre.
The results are given in figures 15*5 and 15.6. The opal 
spherical lamps give a value of 6cm from the ceiling and this is at 
the geometric centre of the lamp. In the case of the sharp cut-off 
luminaires the value was 7.5cm and this dimension coincides with 
the mouth of the reflector.
It was stated in the introduction that the lamps were not specially 
selected to ensure similar distributions or outputs. To indicate 
the degree of variation between lamps in the same set the standard
deviation from the mean value of the intensity in the downward
direction was calculated and is given below.
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Mean SD
Opal spherical lamps 57 2.6
Sharp cut-off luminaires 28 3.2
Reflector lamps 200 83.9
Fluorescent luminaires 287 23.2
The high value of the standard deviation for the reflector lamps is 
partly due to the fact that in a fair proportion of the lamps the 
maximum intensity did not occur at 0° and examination of the data 
for individual lamps shows that in many cases the peak value 
occurred at 5° or 10° to the vertical.
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Fig. 15.5. Determination of light centre - Opal spherical lamps - 
1 /  >j E plotted against distance of ceiling above the 
floor! mean).
1w
o -■
30
Fig. 15.6. Determination of light centre - sharp cut-off 
luminaires - 1/J~E plotted against distance of 
ceiling above the floor( mean}.
16. MEASUREMENT OF AVERAGE ILLUMINANCE.
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16.1 Introduction.
In 1966 Bean and Esterson published a paper dealing with the 
measurement of average illuminance (16„1). The paper was based on 
a computer study undertaken to find the minimum number of points of 
measurement to obtain the value of the average illuminance to an 
acceptable accuracy.
The assumption was made that dividing the work plane into 100 
equal areas and taking a measurement at the centre of each area 
would provide a mean value which could, for practical purposes, be 
taken as the true mean value.
The direct ratios for a range of room index values from 0.5 to 5»0 
were calculated for the ten BZ intensity distributions.
The direct ratios were calculated from mean values based on the 
calculated illuminance at the centre of each area. This cal­
culated illuminance represented a point of measurement. The 
procedure was to divide the area of the work plane into a number 
of equal areas and to progressively increase the number of areas 
so that the number of points of measurement was increased.
The areas were increased progressively for 1 to 100. From the data 
obtained in this way a table was drawn up relating the number of 
points of measurement to the room index. Table 16.1 reproduces 
these results and shows the number of points of measurement required 
for an accuracy better than 10%. An exception is when the number 
of points of measurement is equal to the number of lighting points. 
This table is reproduced in Appendix I of the 1968 I.E.S. Code and 
is the basis of the recommended method of measuring average 
illuminance (16.2).
Before the 1966 paper was published the writer carried out a few field 
tests and found that the accuracy achieved was even better than that 
predicted by the study. However, no formal confirmation has been 
published based on measurements, and so the opportunity has been taken 
during the present work to take both 100 point measurements and 
measurements at the number of points specified in Table 16.1.
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TABLE 16.1
Room index Number of measurement points
Below 1 4
1 and below 2 9
2 and below 3 16
3 and above 25
Table from Bean and Esterson giving the relationship between room 
index and the number of measuring points.
TABLE 16.2
ROOM INDEX 1.0 2.0 3.0
NUMBER OF POINTS 9 16 25
OPAL SPHERES +1.2 +1.7 +0.5
FLUORESCENT -0.9 +0>. 7 0.0
ROOM INDEX 1.0 2.3 3.8.
NUMBER OF POINTS 9 16 25
SHARP CUT-OFF -1.3 -1.9 +0.2
ROOM INDEX 1.0 1.5 1.5 2.0
NUMBER OF POINTS 9 16 25 25
REFLECTOR LAMPS -6.0 +60 -9.0 -2.6
Percentage error when compared with 100 measuring point values 
(Standard room).
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16.2 Results.
Table 16.2 gives the results for the four different sets of 
luminaires in the VIMR with white ceiling, light grey walls and a 
dark grey floor, This arrangement of the reflecting surfaces is 
referred to here and in later sections as the "standard room".
Examination of Table 16.2 shows that in only one case is the error 
greater than 10$. This occurs when there are 16 measuring points 
and where the light sources are the reflector lamps. This is the 
case where the number of measuring points are equal to the number 
of light sources and the measuring points are located directly 
beneath the lamps.
Bean and Esterson have shown that such an arrangement is likely to 
produce large errors and recommend that the next higher number of 
measuring points should be used. The 25 point values are also 
given and this is seen to reduce the error from +60$ to -9%.
This set of measurements was repeated under the more severe con­
ditions of a black room and the difference between the 16 point 
and 100 point values was 78$. Increasing from 16 to 25 points 
reduced the difference to 25$. The MPR for this installation was 
0.5, and concentrating reflector lamps in a completely black room 
are unlikely to occur as practical general lighting systeins and so 
this does not represent a significant failure of this simple approach 
to the measurement of average illuminance.
16.3 References.
16.1 Bean, A.R., and Esterson, D.M., "Average illumination 
measurements - a preliminary investigation", Light and 
Lighting, Vol.59, p.204, 1966.
16.2 "The I.E.S. Code, Recommendations for lighting building 
interiors", Ilium. Eng. Soc. (London), pp.57-58, 1968.
17. MEASUREMENTS OF UTILANCE.
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17.1 Introduction.
Utilance may be defined as "the ratio of the total flux which 
reaches the working plane to the total flux emitted from the 
luminaires", whereas, the utilisation factor is, "the ratio of 
the total flux which reaches the working plane to the total flux 
from the lamps". (17.1).
In the case of the opal spherical lamps and the reflector lamps 
the utilisation factor has the same value as the utilance, but 
in the case of the sharp cut-off and fluorescent luminaires they 
would be different. The measurements have been made in terms of 
utilance to avoid the necessity of measuring the light output 
ratios of the sharp cut-off and fluorescent luminaires.
The utilance values were obtained by measuring the illuminance at 
100 points on the work plane and calculating the mean value; 
this mean value was multiplied by the area of the work plane and 
divided by the total flux emitted by all the luminaires in the 
installation.
Measurements were made for each of the four sets of luminaires for 
a room with all the surfaces black and for a room with a white 
ceiling, light grey walls and a dark grey floor, this latter room 
being the standard room referred to in 16.2. The standard room is 
denoted by SR and the black room by BR.
For the purpose of comparison theoretical values of utilance were 
derived for the black room by the zonal multiplier method or by 
the K factor method developed by the writer in I.E.S. Monograph No.7 
(17.2). The computer program developed for calculating, the. K 
factors for the fluorescent luminaires is given in Appendix II.
In the case of the symmetrical luminaires the standard room 
theoretical values of utilance were derived by calculating the 
mean illuminance from the expression;
E2 = A.Eo2 + B.Eol i C.E03 ,
A - ^ 2 (B.fl2 + C.f31)
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where,
Eol = direct ceiling illuminance;
Eo2 = direct work plane illuminance; 
Eo3 == direct wall illuminance;
A = iA 91 " f33
! 1
B = fl2 j -f33
C = f 13
- fl3.f31 5 
+ fl3.f31 5
91 + f12 I >J
fl3 = 1  - Ds; fl2 = Ds; f33 = l-(l-Ds)Rr;
f31 = y  (1-1)8 ) 5 ^  = fh
Ds = Ratio of the flux received at the work plane directly 
to the total flux emitted by the ceiling;
h = distance from work plane to ceiling;
w = width of room.
?1, ?2 and ^ 3 are the ceiling, work plane and wall reflectances 
respectively. The proof of this expression is given in Appendix I.
In the case of the fluorescent luminaires the obstruction caused by 
the luminaires was taken into account by calculating the equivalent 
reflectance of the cavities formed between the rows of luminaires, 
and taking the room ratio (Rr) as being equal to the room index (Kr). 
The ceiling reflectance calculated in this way was O.69 and this is 
within the range of the data given in I.E.S. Technical Report No.2, 
whereas the original value of O.87 for the white paint is outside 
the range. The utilance values for the fluorescent luminaires 
were therefore calculated by using the utilance tables given in the 
technical report and interpolating.
In 15.1 it was mentioned that adjustment to the wall reflectance had 
to be made to allow for the black supporting channels, and an 
adjustment also had to be made to allow for the floor cavity. The 
values used were walls 0.45* work plane 0,12.
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17.2 Results.
The results of the utilance measurements for the four lighting 
systems, that is, 16 opal spherical lamps; 16 sharp cut-off 
luminaires; 16 reflector lamps and 8 fluorescent luminaires, are 
given in figures 17.1, 17.2, 17.3 and 17.4. Each figure gives 
curves of measured and calculated values against room index for 
both the black room and the standard room. Because each 
experimental point required at least 100 individual measurements 
only three experimental points,, are given on each;curve. Curves 
have been sketched through these points using the origin of the 
graph as a fourth point in fixing the shape of the curves. The 
percentage difference between the calculated and measured values 
with respect to the latter are indicated close to the measured 
points.
Figure 17.1 gives the results for the opal spherical lamps. The 
calculated values of utilance for the black room are low compared 
with the measured values by between 3.1% and 5*9%. These 
differences could be largely accounted for by reflection from the 
nominally black walls and ceiling, P = 0.05.
The results for the standard room show a maximum difference of 
4.5$.
Figure 17.2 gives the results for the sharp cut-off luminaires.
Taking into account the extreme variation of the intensity values 
with angle of elevation of this bat-wing distribution the results 
show good agreement between calculated and measured values.
The maximum difference of 6.9$ occurs at the lowest value of room 
index in the black room.
Figure 17*3 gives the results for the internally silvered reflector 
lamps. Both of the calculated curves give higher utilance values 
than those that were measured. The largest difference is 10% and 
occurs at the lowest value of room index in the black room.
The concentrated nature of the intensity distribution of the re-, 
flector lamps could be the reason for this discrepancy and this would 
imply that 100 measuring points were insufficient to obtain a true 
mean value. It can be seen from the additional points inserted on
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the graph that increasing the number of measuring points to 221 
reduces the difference from 10% to under 5$ for the black room.
In the case of the standard room increasing the number of points 
of measurement to 221 did not alter the measured value at room 
index 1,5.
The fact that increasing the number of points of measurement did 
not alter the measure^value in the standard room suggested that 
the calculated value might be in error. The utilance was re­
calculated for room index 2.0 using the measured value of direct 
ratio and the value obtained in this way was within 3$ of the 
measured value of utilance.
The direct ratio was calculated by means of the zonal multipliers 
given in I.E.S. Technical Report No.2. It seemed possible that
zonal multipliers for 5° zones might give a more accurate value
o ‘ ,
of direct ratio and so a set of 5 zqn^l multipliers were developed 
for room index 2. The 10° value was 0.77 and this may be com­
pared with the 5° value of 0.78.
Figure 17*4 gives the results for the fluorescent luminaires.
The values of calculated utilance for the black room are low, but 
by a smaller percentage than in the case of the opal spherical lamps. 
This is reasonable since the reflected component from the black
ceiling and walls (P =0.05) would be less due to less direct light
falling on these surfaces. The largest discrepancy occurs in the 
standard room at room index 2.0 and is 6.4%. An error of the order 
of 2% could be attributed to linearity since the fluorescent 
luminaires in the standard room produced the highest values of 
illuminance, a minor source of error would be the difference in 
spectral distribution of the fluorescent lamps and the tungsten lamp 
used to measure the surface reflectances. A further source of error
is variation of output with temperature.
The temperature within the VIMR rose 3°C above the temperature at 
which the light output of the lamps was measured.
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Fig. 17.1. Opal spherical lamps - measured and calculated values
of utilance in black room and standard room.
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Fig. 17.2. Sharp cut-off luminaires - measured and calculated values
of utilance in black room and standard room.
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Fig. 17.3- Reflector lamps - measured and calculated values
of ufilance in black room and standard room.
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Fig. 17.4. Fluorescent luminaires - measured and calculated values 
of utilance in black room and standard room.
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18. MEASUREMENT OF WALL AND CEILING LUMINANCE.
18.1.. Introduction.
In section 5 the lack of detailed specifications of desirable wall 
and ceiling illuminance or luminance was mentioned, as well as the 
consequent lack of emphasis on the prediction of these quantities.
As the total visual environment receives more consideration in 
lighting design it becomes desirable to be able to predict at 
least the average values of wall and ceiling luminance.
A limited number of measurements of wall and ceiling luminance 
were made for comparison with values calculated from the equations 
developed by the writer and referred to in section 5*
These equations ares
ceiling illuminance El
where X = (1 + Ds.P2), 
and
E2 is the work plane illuminance;
Eol, Eo2 are the direct illuminance of ceiling and work plane 
respectively.
wall illuminance E3 = (Eo3 + Z (Pi.El +?2.E2))N
where Z = Rr (l~Ds),
2
N - 1
1 - f*3 (l-(l-Ds)Rr) and
$o3 is the direct illuminance of the walls, Ql, P 2 and?3 ape the
ceiling, work plane and wall illuminance respectively.
Rr = , where w = width of room and
h = distance from work plane to ceiling.
Ds = Ratio of the flux received at the work plane directly to
the total flux emitted by the ceiling.
=.(X.E2 + Eol - Eo2)Y ,
I
I + Ds. fl,
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From these equations El and E3 are obtained, 
giving,
ceiling luminance Ll = El .Pi intensity units/unit area,
IT
wall luminance L3 = .E3*P3 intensity units/unit area.
TT
The proof of the expressions for El and E3 are given in Appendix I.
$he method of measuring the ceiling luminance was to insert the 
luminance tube into a hole in the floor and to adjust the height 
of the mouth of the tube above the floor until the appropriate 
area of the ceiling was viewed, with the ceiling at its highest 
point. This ensured that there was no danger of the lamps 
intruding into the field of view of the luminance tube as the 
ceiling height was altered.
The positions of the three holes used for the measurement of ceiling 
luminance are shown in figure 18.1 The location of holes in the 
floor is restricted by the mechanism for raising the ceiling.
The measurement of wall luminance was simpler since the luminance 
tube remained at a fixed distance from the surface being measured. 
Nine holes were cut in the removable wall and the luminance tfibe 
was held in position by a metal collar welded on to a face f^Late.
The holes and sealing flaps are shown in figure 18.2. The large 
hole was cut to allow photographs to be taken of the small test 
figure referred to in 21.4. To allow adjustment of the vertical 
position of the holes, hardboard inserts were used to raise the wall 
panel.
Measurements of wall and ceiling luminance were made for the opal 
spherical lamps and the reflector lamps in the standard room.
These two installations were chosen because one had an high value of 
direct ceiling illuminance and in the other there was no direct 
ceiling illuminance.
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Fig. 18.1. The positions of the holes in the floor of the ftlMR 
used to measure ceiling luminance.
Fig. 18.2. The removable wall panel showing holes and sealing 
flaps for insertion of the luminance tube.
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18.2 Results.
The results of the wall and ceiling luminance measurements are given 
in figures 18.3 and 18.4. The values are in arbitrary units but 
dividing by IT would give units of intensity per unit area compatible 
with the illuminance units used. The installations are shown in 
figures 18.5 and 18.6.
Figure 18.3, gives the results for the opal spherical lamps. The 
calculated values for the walls are low and the differences range 
from 1.1$ to 9.8$.
The calculated values for the ceiling are high and the differences 
range from 7.6$ to 17$. Two reasons can be offered in explanation 
of these differences. First, behind each lamp areas of relatively 
high luminance occur which could not be explored with the luminance 
tube, and second, it has been shown in section 12.3 that the 
alteration in the area of the ceiling viewed when the ceiling is 
lowered reduces the recorded luminance value in the case of opal 
spherical lamps, with a white ceiling and black walls and floor.
It is therefore reasonable to assume that a similar effect but of 
smaller magnitude occurred in the standard room.
Figure 18.4, gives the results for the internally silvered reflector 
lamps. The calculated values of ceiling luminance differ from the 
measured values by -4.5$ at room index 1.0 and by +7.9$ at room 
index 2.0. The most probable cause of the difference is the change 
in the area of ceiling viewed since this would cause a change in the 
shape of the curve. In the case of the walls the measured and 
calculated curves are similar in shape but the calculated values are 
some 40$ higher than the measured values. This difference is 
probably due to the high specular component of reflectance of the 
gloss painted wall surface and the highly directional nature of the 
light sources, figures 15.2 and 14.4. Both these features would 
have increased the component of flux reflected towards the floor and 
reduced the component in the direction of the luminance tube.
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Fig. 18.3". Opal spherical lamps - wall and ceiling luminance 
values in arbitrary units.
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Fig. 18.4. Internally silvered reflector lamps - wall and ceiling 
luminance values in arbitrary units.
184
k w  tnr -mr TT ^
*  1  - /
Fig. 1.8.5c Opal spherical lamps in the standard room.
Fig. 18.6. Internally silvered reflector lamps in the 
standard room.
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The maximum difference between the individual readings obtained for 
ceiling luminance for each installation at a given room index was 
calculated, and the highest values are given below expressed as a 
percentage of the weighted mean value.
Opal spherical lamps 13*5$
Reflector lamps 19.5%»
From these values it can be seen that the assumption of uniform 
ceiling luminance for the purposes of illumination calculations 
should generally prove acceptable.
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19. MEASUREMENT OF THE REFLECTED COMPONENT.
19.1 Introduction,
In section 3,11 it was shown that the reflected component from the 
ceiling could not always be assumed to be uniformly distributed 
across the work plane, and especially in a room of high index but 
low wall reflectance. O'Brien's (19.1) configuration factor 
tables were used to obtain curves of this reflected component and 
it was decided to obtain measured values to compare with the cal­
culated values. The measured values were obtained by measuring 
the illuminance at a series of points along the centre line of 
the VIMR with black walls and floor but with a white, c&iling; 
this was repeated with all the surfaces black and the values of 
the reflected component were obtained by subtraction. The 
lighting installation was provided by the 16 opal spherical lamps.
The opportunity was also taken to illustrate the effect of noi^ 
uniform wall luminance, which has been meationed in section 5,4.
Tjhe VIMR was set up with all the surfaces except one wall black.
This wall was white. The opal spherical lamps provided the 
lighting’installation. By using the same procedure as described 
for the ceiling a series of curves were obtained for the reflected 
illuminance distribution at the work plane along the centre line 
normal to the white wall, with the ceiling and hence the lamps at 
different heights above the work plane.
19.2 Results.
Figures 19.1, 19.2, 19.3 and 19.4 give the results for the reflected 
component from the ceiling; they are expressed in terms of the 
maximum value and ‘plotted against per unit distance from one wall.
The results show good agreement between measured and calculated values, 
taking into account that the measured values were obtained by sub­
traction. The characteristic change of shape of the curves with 
increasing room index is clearly shown and confirm the comments 
made in section 3.11.
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Figures 19.5, 19.6, 19-7 and 19.8 give the results for the re­
flected component from one wall. The results are in arbitrary 
units and calculated values based on uniform wall luminance have 
been inserted on the graph. It was considered most useful to 
compare the distribution of illuminance rather than individual 
values and so"the -measured curves have been adjusted to coincide 
with the calculated curves at a per unit distance of 0.5.
The results show that a uniform reflected component is obtained at 
low values of room index which progressively becomes less uniform 
as the value of room index increases.
The main reason for this change is the change in the distribution 
of wall luminance. At low values of room index the luminance 
value at the top of the wall is much higher than at the bottom, 
whereas, when the ceiling is lowered to increase the room index 
there is a much smaller wall area and the luminance is much more 
uniform. These results support the conclusions of section 5.4.
19.3 References.
19.1 O' Brien, P.F., and Balogh, E,, "Configuration Factors 
for Computing illumination within interiors 
Illuminating Engineering (U.S.A.), Vol.62, pp.169-179, 
1967.
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20.. MEASUREMENT OF UNIFORMITY.
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20.1 Introduction.
In Part One sections 3*2 and 3*17 dealt with the prediction of 
uniformity of illuminance over the plane of work in general light­
ing installations. In this section experiments are described in 
which the VIMR was used to study uniformity and in particular to 
measure values of midpoint ratio for comparison with calculated 
values.
Midpoint ratios were measured for each of the four sets of 
luminaires in the black room. The procedure consisted of 
locating the l$mm photocell at work plane height at the centre 
point of the installation (reference point 2) and recording the 
illuminance values for a series of ceiling heights. The photocell 
was then moved until it was directly under one of the four central 
luminaires and readings taken for the same series of ceiling 
heights. This was repeated with the cell under each of the other 
three luminaires in turn.
These tests were carried out for four and sixteen luminaire arrays 
for the symmetrical sources and for two rows and four rows in the 
case of the fluorescent luminaires.
To determine the effect of the reflected component on the MPR, the 
sixteen luminaire and four row measurements were repeated in the 
standard room. To relate the midpoint ratio to the actual uniformity 
achieved, the 100 point measurements taken for section 17 were used 
to show, on a plan of the work plane, the area of the room over 
which the uniformity of illuminance is 0.7 or higher, together with 
the actual uniformity achieved where the uniformity is less than 0.7.
20.2 Results - Midpoint ratios.
The results are expressed in two ways. First, the mean midpoint 
ratios are plotted against the spacing to mounting height ratio, 
together with calculated values based on the mean polar curves.
Second, the actual midpoint ratios for each of the four central 
luminaires are given in Table 20.1 for the spacing to mounting height 
ratio nearest to the optimum value indicated by the mean curve.
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Figures 20.1 and 20.2 give the results for the opal spherical 
lamps and these confirm that the 4 luminaire array could be used to 
predict the S/hm value for an MPR of 0.7,without a significant loss 
of accuracy. The largest difference between the calculated and 
measured values occurred for the 4 luminaire array at S/hm=2.0 and 
was 11$. This difference is probably caused by the use of the 
mean curve for the 16 luminaires. In Table 20.1 the four 
individual values lie between 0.6 and 0.62.
The measured values confirm that the reflected component has its
greatest effect at low values of MPR. At S/hro=1.5, the MPR value
including the reflected component was calculated using the correction 
factor given in I.E.S. Technical Report No.2 (see section 3.11).
The calculated value was 0.94 while the measured value was 0.91.
Figures 20.3 and 20.4 give the results for the sharp cut-off 
luminaires and show that a 4 luminaire array would be unsatisfactory 
for predicting the S/hm value for an MPR of 1.43.
In figure 20.4 the S/hm value for an MPR of 1.43 is 1.34 from the
measured values and 1.2 from the calculated values. The difference 
is probably attributable to small differences in the cut-off angles 
of the four central luminaires when compared with the mean value 
for the 16 luminaires. Another source of error would be changes 
in the effective light centre of the luminaires as the angle to 
the downward vertical increases.
The results illustrate the problems associated with the use of sharp 
cut-off luminaires which were discussed in section 3.8.
Figures 20.5 and 20.6 give the results for the reflector lamps.
The results are extremely variable, as might be expected, from the 
large standard deviation obtained for the intensities in the downward 
direction in section 15.2. Two sets of measurements were made for 
the 16 luminaire array in the black room, with the lamps in different 
positions in the array. The two curves obtained show considerable 
differences in shape, but for most of the range up to S/hm=1.0 lie 
about the mean curve. In Table 20.1 the individual values lie 
between 0.61 and O.85.
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TABLE 20.1 
MPR
Luminaire 1 2  3 4
Opal spheres
S/hm=2.0 0.6 0.61 0.62 0.6
Sharp cut-off
S/hm-1.2 1.36 1.25 1.2 1.17
Reflector lamps
S/hm=0.5 0.74 O.85 0.82 0.61
Fluorescent
S/hm=l. 5 0.77 0.76 0.74 0.73
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Standard room . measurements were made for one arrangement of the 
luminaires. At S/hm=0.5 the calculated value of MPR was 0.81, 
while the measured value was 0.$4•
Figures 20.7 and 20.8 give the results for the fluorescent 
luminaires. The results confirm that two rows may be used to 
predict the S/hm value for an MPR of 0.7 without loss of accuracy.
The calculated values of MPR agree well with the measured values up 
to S/hm=l.Q, but thereafter the error increases with S/hm value 
until at S/hm=2.0 the 2 row values differ by 18%.
The calculated values were obtained by the aspect factor method 
and this method assumes that the line source has a uniform output 
per unit of length. The error introduced by this assumption is 
negligible as long as the illuminated point is Sufficiently far 
from the end of the lamp. In this case the distances from some 
of the lamps were less than one lamp length.
The luminance at the ends of the lamps was about 50% of that at 
the centre; this increased the value at reference point 1, directly 
under the centre of one lamp, and decreased the illuminance at 
reference point 2 at the centre of the array.
It was decided that a simple form of correction should be sought, 
preferably one which would use the existing aspect factor data. 
Investigation of the variation of lamp luminance with a Hagner 
meter showed that, to a first approximation, the variation was 
linear. The calculation was therefore repeated with the following 
modification. The lamps nearest to the illuminated points were 
considered to consist of three sectionss a central section equal to 
half the lamp length, and two end sections each equal to one quarter 
the lamp length. The ratio of the luminance of the centre point of 
each end section was approximately 0.7 of that in the centre of the 
adjacent half of the centre section. For this reason the intensity 
per unit length of the end sections was taken as 0.7 of that of the 
centre section.
The calculated value using this modified procedure was 0.55 and this 
may be compared with the measured value of O.56.
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Measurement of the variation of luminance along the length of a 
1.52m, 80w fluorescent tube mounted in a batten type luminaire 
showed that the luminance at the centre of the lamp was twice the 
value at the ends. However, the luminance gradient occurs mainly 
over the 15cm adjacent to the end caps and so the error discussed 
above should not occur in full sized installations.
In Table 20.1, the four individual values lie between 0.73 and 0.77* 
At S/hm=1.5, the standard room MPR was predicted as 0.81 whereas, 
the measured value was 0.77.
The reduction in lamp luminance at the ends may account for this 
difference since the direct illuminance of the ceiling above 
reference point 2 would be reduced.
20.3 Results - uniformity.
If either of the definitions of uniformity given in B.S. 4727> 
part 4i (20.1) were applied then there would be only one value for 
each installation, either, minimum/maximum illuminance, or 
minimum/average illuminance. To give more substance to the data 
the uniformity is defined as the actual illuminance/maximum 
illuminance.
Figure 20.9 gives the results for the opal spherical lamps at 
S/hm=1.5. At this S/hm value the MPR is 0.91 and the diagram
indicates that only 12$ of the work plane will have a uniformity of
less than 0.7. These areas are all close to the wall and so in 
practice this installation would be entirely satisfactory, as far as 
uniformity is concerned.
Figure 20.10 gives the results for the fluorescent luminaires at 
S/hms=L.5. At this S/hm. value the MPR is 0.77 and the diagram
indicates that the uniformity is satisfactory over the central area
of the work plane. If the peripheral areas are taken into account 
34$ of the work plane has a uniformity below 0.7.
Figure 20.11 gives the results for the sharp cut-off luminaires at 
S/hm=l.\15. At this S/hm value the MPR is 1.2 or expressed as 
minimum/maximum 0.87. The diagram indicates that the uniformity , ,
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over most of the central area is satisfactory* but if peripheral 
areas are included 43% of the work plane has a uniformity below 
0.7. This is at the S/hm value obtained by calculation for MPR=1.43.
In Part One section 3*8 it was shown that when a sharp cut-off 
distribution resulted in an MPR curve which crossed the 1.43 limit 
at two points* the largest of the two S/hm values obtained would 
be unlikely to produce satisfactory uniformity. Figure 20.12 
shows the uniformity at an S/hm value of 1.9* which is where the 
second calculated 1_43 value occurs.
The diagram shows that the uniformity would be unsatisfactory 
over 62$ of the work plane.
Luminaires with bat-wing distributions exhibit different character­
istics to most other distributions. In particular* closing the 
spacing between the luminaires does not necessarily improve the 
uniformity. Figure 20.13 gives the illuminance variation across 
a diagonal of the work plane. Both the illuminance and the 
distances are plotted in per unit values.
Figure 20.13(c) shows the distribution for an S/hm value of 1.9 
and indicates considerable non-uniformity over the central zone.
Figure 20.13(b) shows the distribution for an S/hm value of 1.15 
and indicates that a high degree of uniformity has been achieved 
over the central zone* but that there is a rapid fall off in 
illuminance as the walls are approached.
Figure 20.13(a) shows the distribution for an S/lim value of 0.5 
and indicates that the illuminance over the central zone is*less 
uniform and that the size of the zone has decreased* it also indicates 
that the illuminance in the vicinity of the walls does not fall off 
so rapidly.
Figure 20.14* gives the results for the reflector lamps at S/hm=0.5.
At this value of S/hm the MPR value is O.85* but the diagram 
indicates that 91$ of the work plane will have a uniformity less 
than 0.7.
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Examination of the individual values shows that the uniformity over 
large parts of the work plane is much better than this result 
suggests,, and so the results were replotted in a different form.
If the criterion is taken to be that the illuminance should not fall 
more than one sixth below the average value then figure 20.15 shows 
that 82$ of the work plane area, may be considered satisfactorily 
illuminated.
If this criterion is applied to the other types of luminaire the 
results are as followss-
S.C.O. at S/hm=1.15 28$ unsatisfactory,
S.C.O. at S/hm=1.9 27$ unsatisfactory,
O.S. at S/hm=1.5 13$ unsatisfactory,
Fluorescent S/hm=1.5 26$ unsatisfactory.
Thus it can be seen that the minimum to average ratio is a less 
exacting criterion than the minimum to maximum ratio, in most cases.
If the additional requirement is made that the maximum value should 
not be higher than the average value by more than one sixth the 
conditions are much more exacting since the mininlqm to maximum ratio 
must not fall below 0.71.
20.4. Conclusions.
The results show that the methods available for calculating the 
midpoint ratio are satisfactory and that in most cases the re­
flected component has only a small effect on the MPR.
They also show that even when the MPR is well above the 0.7 limit, 
this does not ensure that the uniformity in the vicinity of the 
walls will be satisfactory.
One of the problems associated with the measurement of uniformity 
is that of one or two points having a much higher maximum value 
than would be predicted using the mean polar curve for the lumin­
aires. If the usual definition of uniformity as minimum/maximum is 
used then the areas in the vicinity of the walls would be unsatis­
factory in theory, though possibly satisfactory in practice.
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There is a case for applying the strict minimum/maximum criterion 
over the central area of the work plane, but the less exacting 
criterion of one sixth below the average value to the peripheral 
areas. The writer suggests that a suitable definition of the 
peripheral area would be Mthat area outside the array of luminaires".
The experimental data confirms that a reduction in spacing at the 
walls improves the uniformity, but is insufficient to enable a rule 
to be established which would ensure satisfactory uniformity.
For example, if a centre line plot of illuminance is made for each 
set of luminaires, moving the boundaries of the diagram towards 
the centre improves the uniformity by different amounts according 
to the rate of fall off in illuminance close to the walls. From 
the point of view of uniformity, the closer the outside row of 
luminaires is to the wall the better the result. A commonly used 
compromise is to have one third spacing at the walls instead of 
one half spacing, and if a general rule is to be recommended this 
is probably the most reasonable one.
There are two other interesting features illustrated by the exper­
imental results. First, in figure 20.10 the continuous vertical 
bands of area shown as unsatisfactory are opposite the ends of the 
line sources and these remain, even when the less exacting actual/ 
average criterion is applied. These results confirm that it is 
very difficult to achieve an illuminance value much above 50% of the 
maximum opposite the ends of contindpus line sources. In fact in 
raising the uniformity at the walls, disconti|iuous line sources 
have an advantage. The best uniformity would be achieved by 
mounting the luminaires at the ends of the rows as close as possible 
to the walls, while having spaces between the other luminaires in 
the row.
Second, in figure 20.13(b) it can be seen that the rate of fall in 
illuminance at the walls is greatest when the sharp cut-off lumiil- 
aires have a spacing to mounting height ratio which provides a high 
degree of uniformity over the central area.
This suggests that it would be worth while to consider using lumin- 
aires with a different distribution for the outer rows in install­
ations which have luminaires with a bat-wing distribution.
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This might be achieved by using the same type of luminaire but 
with the distribution altered, by moving the light centre of the 
lamp, to increase the illuminance directly beneath |the luminaire.
20.5 References.
20.1 B.S. 47272 Part 4> Group 03s 1972, "Lighting 
technology terminology", p. 10.
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21. SPATIAL ILLUMINANCE MEASUREMENTS.
21.1 Introduction.
Section 6 in Part One dealt with the flux distribution within the 
space enclosed by the ceiling, walls and work plane. The method
adopted was to discuss the papers which are generally regarded to 
have made a significant contribution to the study of the quality of 
lighting within enclosed spaces.
In this section some of the concepts introduced in section 6 are 
applied to practical installations in the VIMR.
In the introduction to Part One it was stated that subjective 
studies as such were not envisaged as part.of the work, and this is 
the case, nevertheless, it has been necessary to illustrate the 
modelling properties of the various lighting arrangements and this 
has been done by means of a series of photographs. No attempt has 
been made at photographic photometry but the photographs are 
considered to represent the type of modelling that ocjburs at the 
reference points used in the VIMR. The test object chosen for the 
photographs was a small metal bust, and this is shown in figure 8.3(A). 
The use of an object with a semi-specular surface was intentional so 
that the appearance of the object Mrpuld be influenced by the surround­
ing luminance patterns to a greater extent than a matt finished object. 
The purpose was to illustrate the limitations as well as the value 
Of spec^ fyiii|5 the lighting condition by illuminance quantities.
Measurements were made and photographs taken for each of the four 
sets of luminaires in both the standard room and the black room, 
and the spacing to mounting height values were altered to provide a 
variety of lighting conditions.
The measurements and photographs were confined to the two locations 
used as reference points in the theoretical studies of Part One, 
that is, at the centre point of the installation, and under one of 
the luminaires nearest to that point. The measurements were taken 
at 16.5cm above the floor to coincide with the position of the head 
of the test figuhe.
The quantities measured were;
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(1) vertical illuminance,
(2) scalar illuminance,
(3) upward and downward horizontal illuminance.
21.2 Measurement of vertical illuminance.
The main purpose of the measurements of vertical illuminance was 
the determination of the cylindrical illuminance values.
Haeger and Krochmann (21.1) have shown that if cylindrical illum­
inance is to be determined from a series of individual measure­
ments of vertical illuminance the number of measurements affects 
the accuracy in the following way;.
(1) The accuracy is higher if there are an odd number of 
measurements, e.g., three measurements in 360° of azimuth 
angle are better than four.
(2) If the system chosen employs an odd or even number of 
measurements, increasing the number improves the accuracy,
C  .V
e.g., six measurements are better than four.
Following the method of Haeger and Krochmann, the writer calculated 
the variation which would occur in the measured values for a 
situation where the true vertical illuminance was constant in all 
directions.
For eight orientations the variation expressed as a percentage of 
the mean value was 8.8% while that for seven orientations was only 
2.6%. For this reason the measurements of vertical illuminance 
were made at seven equal azimuth angles, i.e., at 51.5° intervals.
Twenty four sets of seven measurements were taken and from these 
twelve sets have been selected to illustrate some interesting 
features.
Figures 21.1, 21.2, 21.3, 21.4, 21.5, 21.6, 21.7 and 21.8 show the 
values for the opal spherical lamps at the two reference points in 
the black room and the standard room for S/hm values of p.5 and 2.C|.
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Figures 21.9, 21.10, 21.11 and 21.12 show the values for the 
fluorescent luminaires in the black room and the standard room 
for S/hm=0.5.
From these figures it can be seen that the vertical illuminance at 
reference point 2, that is, the centre of the installation, is almost 
independent of the direction of measurement. This is also true 
for the S.C.O. units at S/hm=0.5, but not for the reflector lamps, 
nor the S.C.O. units at the higher S/hm values. Here the variation 
is due to intensity and cut-off variation.
In the case of reference point 1, directly under one of the 
luminaires, there is considerable variation of vertical illuminance 
with orientation in the black room. This is because the 
reference point is closer to two of the walls than it is to the 
other two. The effect is most marked in the case of the 
fluorescent luminaires. The reason is that.there are only two 
luminaires in each row and this means that the point directly 
under the luminaire is closer to the wall opposite the end of the 
luminaire than is the case with the 16 luminaire arrays; as a 
consequence the minimum value is moved in the direction of the
back’wall.* <
Increasing the S/hm value reduces the asymmetry, as does the intro­
duction of a reflected component.
21,3 Illuminance ratios.
Although the present work does not deal experimentally with the 
subjective assessment of adequacy, nor of the preferred direction of 
illumination, it is concerned with indicating the relationship 
between the various illuminance quantities.
This section presents the experimental results for the following 
illuminance ratios;
(1) cylindrical/horizontal,
(2) scalar/horizontal,
(3) vector/scalar,
(4) downward/upward, horizontal illuminance.
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Another ratio which could be considered is that of the geometric 
mean of cylindrical and horizontal illuminance to the horizontal 
illuminance.
This ratio could be expressed £n. the following way,
Thus this ratio is the square root of one of the other ratios.
In practice it reduces the distinction between the various light­
ing conditions.
Ec/Eh and Es/Eh: From a total of 16 sets of results 8 have been
chosen to illustrate the main points of interest. These are for 
the opal spherical lamps in the black room and the standard room, 
figures 21.13, 21.14/ 21.15, 21,16, and the sharp cut-off lumin­
aires in the black room and standard room, figures 21.17, 21.18, 
21,19 and 21.20.
Comparison of the curves for the opal spherical lamps in the black 
room with the BZ8 results given in section 4.3 of Part One shows a 
satisfactory correspondence in the shape of the curves.
The introduction of the reflected component in the standard room 
raises many of the values particularly at low values of S/hm and 
room index (Ki^ =2.S/hm).
The results confirm the findings of section 4.3 that the Ec/Eh ratio 
is more sensitive to changes in S/hm value and in position than is 
the Es/Eh ratio.
A few values of both ratios were calculated to compare with the 
experimental results. The most extreme lighting condition occurred 
with the sharp cut-off luminaires,in the black room at an S/hm value 
of 3.0. This represents a severe test of the instrumentation since 
at this S/hm value the luminaires are only just over 6cm above the 
point of measurement and the size of both the measuring devices and 
the luminaires is large in relation to this distance.
/Ec.Eh
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Fig. 21.1. Opal spheres - variation of vertical illuminance - 
reference point 1 in BR at S/hm=0.5.
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Fig. 21.2. Opal spheres - variation of vertical illuminance -
reference point 2 in BR at S/hm=0.5.
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Fig..21.3• Opal spheres - variation of vertical illuminance 
reference point 1 in BR at S/hnt=2.0.
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Fig..-21.4. Opal spheres - variation of vertical illuminance
reference point 2 in BR at S/hm=2.0.
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Fig*.21*5* Opal spheres - variation of vertical illuminance 
reference point 1 in SR at S/hm=0;5.
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Fig. 21.6. Opal spheres - variation of vertical illuminance
reference point 2 in SR at S/hm=0.5.
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Fig. 21.7. Opal spheres - variation of vertical illuminance 
reference point 1 in SR at S/hm=2.0.
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Fig. 21.8. Opal spheres - variation of vertical illuminance
reference point 2 in SR at S/hm=2.0.
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Fig. 21*9. Fluorescent luminaires - variation of vertical illumin­
ance - reference point 1 in BR at S/hm=0.5.
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Fig. 21.10. Fluorescent luminaires - variation of vertical
illuminance - reference point 2 in BR at S/hm=0.5.
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Fig. 21.11. Fluorescent luminaires - variation of vertical
illuminance - reference point 1 in SR at S/hm==0.5.
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Fig. 21.12. Fluorescent luminaires - variation of vertical
illuminance - reference point 2 in SR at S/hm=0.5.
223
Ec
Eh
•0 —  • "— S  Ecj
Ehj
£
h m
Fig. 21.13. Opal spheres - ratio of cylindrical to horizontal
illuminance at reference points 1 and 2 in the black room.
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Fig. 21.14. Opal spheres - ratio of scalar to horizontal illuminance
at reference points 1 and 2 in the black room.
224
Ecz
Eha
O-
I -O 1-5 2*0o
s.
hm
21.15. Opal spheres - ratio of cylindrical to horizontal
illuminance at reference points 1 and 2 in the standard room.
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Fig. 21.16. Opal spheres - ratio of scalar to horizontal
illuminance at reference points 1 and 2 in the standar^ room.
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Fig. 21.1 j7. Sharp cut-off luminaires - ratio of cylindrical to 
horizontal illuminance at reference points 1 and 2 
in the ;black room.
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Fig. 21.13. Sharp cut-off luminaires - ratio of scalar to horizontal
illuminance at reference points 1 and 2 in the black .
room.
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Fig. 21.1'9. Sharp cut-off luminaires - ratio of cylindrical to 
horizontal illuminance at reference points 1 and 2 
in the standard room.
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Fig. 21.20. Sharp cut-off luminaires - ratio of scalar to horizontal
illuminance at reference points 1 and 2 in the standard
room.
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The best results are for the Es/Eh ratio, at reference point 2 
both the calculated and measured values were 0,59* while at 
reference point 1 the measured value was 0,24 and the calculated 
value 0.25*a difference of 4.2$,
In the case of the Ec/Eh ratio the calculated value at reference 
point 2 was 0,67, while the measured value was 0.6, a difference 
of 11,7$.
The more laborious task was also undertaken of calculating the 
Ec/Eh ratio for the 8 fluorescent luminaires at S/hm=1.5* and 
at reference point 2, in the black room.
The cylindrical illuminance equation for this purpose is;
This equation is based on the assumption of a cosine axial distrib^ 
ution.
The calculated value for Ec/Eh was 0.46 which is 9.8$ below the 
measured value of 0,51.
The Es/Eh ratio was also calculated using the equation,
also based on a cosine axial distribution.
The calculated value was 0.46, while the measured value was 0.47? a 
difference of 2.1$.
2 / 2 2 . $ (log(sino(cos^ + dl-cos oC cos (20 - log,sin$) +
/ 1 ' 2 ~2 1
sino(cos£>i 1-cos o(cos £>
Es = jj^.cos^.sinO^
The proof of the illuminance equations given above is in Appendix I.
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Fig. 21.21. Opal spheres - vector/scalar ratio at reference 
points 1 and 2 in the black room.
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Fig. 21.22. Opal spheres - vector/scalar ratio at reference
points 1 and 2 in the standard room.
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Fig. 21.23« Sharp cut-off luminaires - vector/scalar ratio at 
reference points 1 and 2 in the black room.
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Fig. 21.24* Sharp cut-off luminaires - vector/scalar ratio at 
reference points 1 and 2 in the standard room.
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Vector/Scalar ratio: Figures 21.21, 21.22, 21.23 and 21.24 give
the vector/scalar ratios for the same situations. In all cases 
fhe vector was taken as the difference between the downward and 
upward illuminance. This assumes that the variation of the 
vertical illuminance at the point of interest may be ignored, 
which is permissible because in the majority of cases large 
variations only occur when the Ec/Eh ratio is low. The worst 
case is when the fluorescent luminaires are in the black room at 
S/hm=0.5, here the variation tilts the vector 15*7° to the vertical 
and increases the vector magnitude by 4%? the error from this cause 
should be less than this in all other cases. As would be expected 
the vector/scalar ratios are generally lower in' the standard room 
than in the black room. The results also show a good degree of 
response to changes in installation geometry and type of luminaire.
In the black room the values for the' S.C.O. luminaire at S/hm=3.0 
are the reciprocals of the Es/Eh values which were calculated 
earlier and so these have been inserted in figure 21.24.
Downward/upward illuminance ratio; These ratios can only be 
meaningfully applied to the standard room and figures 21.25, 21.26, 
21.27 and 21,28 give the results for the opal spherical lamps, 
sharp cut-off luminaires, reflector lamps and fluorescent luminaires 
respectively.
The curves have a number of interesting features.
In a situation where the distribution of horizontal illuminance is 
uniform the ratio should be independent of the luminaire distribution. 
This condition is met in the case of the opal spheres, reflector lamps 
and the fluorescent lamps at S/hm=0.5 and there is a satisfactory 
agreement of the ratios at this S/hm value. In the case of the . 
sharp cut-off luminaires the best uniformity is achieved at 
S/hm ^ 0=1.2, and the results show that the experimental points lie 
close to the same value at this S/hm ratio.
If the ratio is calculated on the assumption of uniform distribution 
of both downward and upward illuminance the value of the ratio would 
be l/p where P is the reflectance of the cavity. Taking P as 0.12 
gives a value of 8.3 compared with the measured value of 11.
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The main reason for this difference is obstruction of the base of 
the cavity by the photocell and its supporting stand. As the 
illuminance becomes less uniform the values for the two reference 
points diverge. The greatest divergence occurs in the case of 
the reflector lamps and these produce the largest variation in 
horizontal illuminance. This local increase in the downward 
illuminance at reference point 1 does not occur in the upward
illuminance because the cavity below this point is obstructed by
the photocell.
It is worth noting that in a practical situation an illuminated 
object at that reference point would probably produce a similar 
obstruction.
21.4 Modelling.
The meaning of the term modelling has been discussed in detail by 
Waldram, Cuttle and Lynes (see section 6, Part One). In the
present work it is taken to mean the appearance of the object
including the influence of the background but excluding the 
effect of colour.
The purpose of the results given in this section is to illustrate 
the lighting condition at each of the two reference points in the 
VIMR and.to ascribe to each condition the correspondii(g values of 
Ec/Eh, Es/Eh, E/Es and Edown/Eup-. The horizontal illuminance is 
also given as a reference. The values are given in arbitrary units 
but an approximate conversion factor to give lux is 1.85.
The method used was to photograph the test figure at either reference 
position 1 or 2 for each of the four sets of luminaires in both the 
standard room and the black room. The ceiling height was varied to 
give different values of spacing to mounting height ratio. In this 
way a wide variety of lighting conditions was obtained.
The illuminance values varied over a wide range and so the exposure 
times were chosen to give satisfactory pictures and give a fair 
representation of the appearance of the test figure. This must be 
borne in mind when comparing the photographs but, even so, the 
photographs serve as useful illustrations.
Fig.
Fig.
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21.26. Sharp cut-off luminaires - r^tio of downward to upward
illuminance at reference points 1 and 2 in the standard
room.
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Fig. 21.28. Fluorescent luminaires - ratio of downward to upward
illuminance at reference points 1 and 2 in the
standard room.
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The lower part of the figure was used as a reference surface during 
processing in producing the corresponding pairs of photographs for 
positions 1 and 2 under the same lighting installations since the 
S/hm were always smaller with respect to this part of the figure 
and the illuminance distribution generally more uniform. This 
lower part of the photograph was removed after processing so that 
the attention would be directed to the head which occupied the 
position at which the measurements were made.
21.5 Results p- modelling.
The photographs are mounted in groups of four, each group referring 
to a particular set of luminaires, in either the standard room or 
the black room. The left hand pair of photographs relate to the 
smaller S/hm value, while the right hand pair relate to the larger 
value. The illuminance data is given in a block either above or 
below the photograph so that it may be immediately related to the 
appropriate photograph without any confusion.
The least satisfactory results are those for the-ratio of downward 
to upward illuminance. Firstly, they can only be applied to the 
situations in the standard room an$L secondly, even then they fail to 
respond to quite large changes in the lighting condition, figures ■ 
21,29 position 1, and 21.31 position 2. For this reason the 
comments given below do not refer to this ratio.
The most interesting set of results are those for the sharp cut-off 
luminaires since these photographs show the most dramatic changes in 
the appearance of the test figure and also clearly show the effect 
of the sdmi-specular surface.
Consider the results for the standard room, figure 21.29.
According to the measured data the lighting conditions for the left 
hand pair of photographs are almost identical, and apart from the 
change in direction of view the photographs bear this out.
According to the data the lighting conditions for the right hand pair 
of photographs are quite different and this is also confirmed by 
the photographs. The data suggests that the top photograph should 
show a much greater emphasis on the vertical surfaces than the bottom 
photograph, and this is apparent when the photographs are compared.
235
Now consider the results for the black room, figure 21.30.
Again, at the smaller value of S/hm the lighting conditions are 
almost identical, and this is confirmed by the photographs.
The right hand pair of photographs were taken at an extreme value of 
S/hm and this was intended to bring the effect of cut-off fully 
into operation. The photographs show extreme differences in the 
appearance of the test figure and the measured data has corres­
pondingly extreme values. At reference point 1 the vector/scalar 
ratio is slightly higher tha$ the theoretical maximum of 4 due to 
instrument error caused by the extreme lighting condition.
The ratio of vertical to horizontal illuminance is high in position 
2 and the specular reflections emphasise this fact. The ratio is 
very low at position 1 and for true point sources it would have 
been zero.
This very low ratio of vertical to horizontal illuminance results 
in the top of the head being very strongly illuminated.
Turning to the results for the opal spherical lamps the standard 
room, figure 21.31, the illuminance ratio values for the left hand 
pair of photographs are similar to those in the left hand pair of 
photographs for the sharp cut-off luminaires, figure 21.29, and 
there is a corresponding similarity in the photographs. In the 
second pair of photographs, the emphasis in the top photograph is 
on the sides of the face, whereas in the bottom photograph the 
emphasis is towards the top of the face. This difference is borne 
out by the measured data, where all the ratios indicate a higher 
ratio of vertical to horizontal illuminance for the top photograph.
Moving on to the results for the opal spherical lamps in the black 
room, figure 21.32, the lighting conditions for the left hand pair 
of photographs are similar and, allowing for the slight change in 
orientation of the figure, this is confirmed by the photographs.
The right hand pair of photographs show changes in emphasis which 
correspond to changes in the measured illuminance ratios.
Next, consider the fluorescent lamps, figures 21.33 and 21.34.
Where there are distinct changes in appearance between the photo­
graphs there are also changes in the measured illuminance ratios.
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Furthermore, the changes in appearance could to some extent be
predicted from the data by comparison with previous sets of results.
Finally, the same remarks apply to the results for the reflector 
lamps, figures 21.35 and 21.36.
The conclusions drawn from the results are:
(1) clearly discernible changes in the appearance of the test 
figure corresponds to changes in the illuminance ratios;
(2) no one set of ratios is markedly superior with regard to 
the prediction of the appearance of the test figure for 
given lighting conditions, but the Ec/Eh ratio has the 
largest range of values;
(3) the semi-specular nature of the surface had considerable 
influence on the appearance of the test figure, but its 
effect did not invalidate the use of illuminance ratios as 
one of the main parameters for indicating the lighting 
condition at a point.
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S/hm = 0.5
E/Es =2.6 
Ec/Eh =0.34 
Es/Eh =0.36 
Edown/Eup = 13 
Eh = 53.4
S/hm = 2.4
E/Es = 1.76 
Ec/Eh =0.51 
Es/Eh =0.49 
Edown/Eup = 7 
Eh = 56.6
P 2
E/Es =2.5 
Ec/Eh =0.34 
Es/Eh =0.36 
Edown/Eup = 11.6 
Eh = 49.1
E/Es =2.9 
Ec/Eh =0.2 
Es/Eh =0.31 
Edown/Eup =10.1 
Eh = 72.4
Fig. 21.29. Sharp cut-off luminaires in the standard room -
illuminance ratios and the lighting conditions.
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S/hm = 0.55
E/Es =3.5 
Ec/Eh =0.24 
Es/lfc = 0.29 
Eh = 48
Pa
Pi
S/hm = 3.0
E/Es =1.7 
Ec/Eh = 0.6 
Es/Eh =0.59 
Eh = 11
E/Es = 3.5 
Ec/Eh = 0.21 
Es/Eh =0.29 
Eh = 47.5
E/Es =4.2 
Ec/Eh =0.12 
Es/Eh =0.24 
Eh = 128
Fig. 21.30. Sharp cut-off luminaires in the black room -
illuminance ratios and the lighting condition.
S/hm = 0.5
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S/hm = 2.0
E/Es = 2.4 
Ec/Eh =0.34 
Es/Eh =0.40 
Edown/Eup = 11 
Eh = 876
E/Es = 1.65 
Ec/Eh =0.61 
Es/Eh =0.58 
Edown/Eup =9.6 
Eh = 1322
P2
Pi
E/Es = 2.24 E/Es = 2.1
Ec/Eh = 0.34 Ec/Eh = 0.415
Es/EH = 0.4 Es/EJfy = 0.47
Edown/Eup = 11 Edown/Eup = 13.6
Eh = 854 Eh = 1763
Fig. 21,31» Opal spheres in the standard room - illuminance ratios
and the lighting condition.
S/hm = 0.5
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S/hm = 2.0
E/Es =3.54 
Ec/Eh =0.22 
Es/Eh = 0.28 
Eh = 354
E/Es = 1.78 
Ec/Eh =0.68 
Es/Eh =0.56 
Eli = 635
PZ
Pi
E/Es = 3.4 
Ec/Eh =0.22 
Es/Eh =0.29 
Eh = 332
E/Es = 2.76 
Ec/Eh =0.30 
Es/Eh =0.36 
Eh = 1172
Fig. 21.32. Opal spheres in the black room - illuminance ratios
and the lighting condition.
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S/hm = 0.5 S/hm = 1.9
E/Es =2.2 E/Es = 1.38
Ec/Eh =0.33 Ec/Eh =0.65
Es/Eh =0.41 Es/Eh =0.64
Edown/Eup = 11.4 Edown/Eup =8.2
Eh = 1300 Eh = 1630
P2
Pi
E/Es = 1.9 
Ec/Eh =0.32 
Es/Eh =0.41 
Edown/Eup =11.2 
Eh = 1272
E/Es =1.8 
Ec/Eh =0.42 
Es/Eh =0.51 
Edown/Eup =12.8 
Eh = 2460
Fig. 21.33. Fluorescent luminaires in the standard room -
illuminance ratios and the lighting condition.
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S/hm - 0.5
E/Es =3.3 
Ec/Eh =0.22 
Es/Eh =0.3 
Eh = 792
S/hm = 1.5
E/Es =2.1 
Ec/Eh =0.51 
Es/Eh =0.47 
Eh = 1250
P2
Pi
E/Es =2.9 
Ec/Eh =0.21 
Es/Eh =0.34 
Eh = 686
E/Es = 2.6 
Ec/Eh = 0.3 
Es/Eh =0.38 
Eh = 1725
Fig. 21.34. Fluorescent luminaires in the black room - illuminance 
ratios and the lighting condition.
243
S/hm = 0„47
E/Es = 2.9 
Ec/Eh =0.24 
Es/Eh =0.31 
Edown/Eup = 10 
Eli = 269
S/hm = 0.88
E/Es = 2.4 
Ec/Eh =0.37 
Es/Eh =0.40 
Edown/Eup = 8 
Eh = 274
e><
E/Es = 2.7 
Ec/Eh = 0.21 
Es/Eh =0.33 
Edown/Eup = 11 
Eh = 284
E/Es = 3.1 
Ec/Eh =0.10 
Es/Eh =0.30 
Edown/Eup =30 
Eh = 875
s ' *  . ✓
/■
Fig. 21.35. Reflector lamps in the standard room - illuminance
ratios and the lighting condition.
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S/hm = 0 . 5
E/Es = 3.6 
Ec/Eh =0.19 
Es/Eh =0.28 
Eh = 192
S/hm = 0.95
E/Es = 2.9 
Ec/Eh =0.32 
Es/Eh =0.35 
Eh = 210
Pz
Pi
E/Es = 3.3 
Ec/Eh =0.12 
Es/Eh =0.31 
Eli = 240
E/Es = 3.7 
Ec/Eh =0.15 
Es/Eh =0.27 
Eh = 725
Fig. 21.36. Reflector lamps in the black room - illuminance 
ratios and the lighting condition.
22. SOME EXPERIMENTAL WORK BY OTHERS.
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22.1 Introduction.
One of the most valuable experimental investigations was that of 
Harrison and Anderson (22.1). In 1916 they described what they 
called a "portable" experimental room for Measuring utilisation 
factors. This room could be varied in size and at its maximum 
was 13ft 6in. by 27ft and 14ft high.
Over a period of four years this room was used to produce a 
comprehensive set of data for calculating utilisation factors, for 
a given intensity distribution and size of room. The simplifying 
assumption used was that the true distribution could be simulated 
by appropriately weighted amounts of three basic distributions.
This approach has a certain attraction and an attempt to retain it 
was made by Simons (22.2) and it is also the implicit assumption in 
a proposed C.I.E. method (22.3). The work of Harrison and Anderson 
was so successful that it was used almost universally from about 
1920 until 1953.
A similar full-sized experimental room was built by Potter and 
Russell and reported in 1951 (22.4). This room had an automatic 
mechanically driven photoelectric search head. The purpose of the 
experimental apparatus was to obtain measured utilisation factors for 
practical lighting design. This intention was overtaken by the 
development of a mathematically derived method of obtaining utilis­
ation factors (22.5)5 and the subsequent work dealt with the com­
parison of measured and calculated utilisation factors and the 
measurement of other parameters such as vertical illuminance.
In 1930 Lingenfelser (22.6) described work in an experimental room 
relating to the quality of the lighting. He studied several possible 
ways of obtaining a quality "index". One of these related to the 
illuminance solid and the other to the variation of the ratio of 
vertical to horizontal illuminance. His results show that the 
variation of the vertical to horizontal ratio was over a much 
wider range than the index developed from the illuminance solid. 
Lingenfelser used only one light source in his experimental room andfyj'
his two reference points were (1) in the centre of the room (2) in
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the corner of the room.
In reporting his results Lingenfelser used photographs showing 
white spheres suspended at the two reference points to illustrate 
the lighting conditions.
In the following sections work related specifically to the use of 
model rooms to investigate the distribution of light flux from 
sources inside the room is described. Models used for daylighting 
studies or for appraisal are not included.
22.2 Higbie and Bychinsky (1933).
This study (22.7) was concerned with light emitting panels in the 
walls of a model room. The maximum size of the room was 4ft by 4ft 
by 2ft high.
The photocell was mounted on a trolley which ran on rails in a 
similar way to the photocell trolley in the VIMpr Illuminance 
curves were recorded by means of a beam of light incident on photo­
graphic paper.
The construction of the model was from angle iron and metal plates 
aijd so adjustment of the size would take longer than with the VIMR. 
However, this construction allowed for the formation of rectangular 
rooms of variable width, a facility not included in the VIMR.
The authors of this paper concluded that most wall lighting systems 
of the type studied gave such a large variation in illuminance over 
the work plane that the lumen method of design was inappropriate 
and recommended that designs should be based on a specified 
minimum illuminance value.
22.3 Bellchambers and Ackerman (1955)»
One of the purposes of this study (22.8) was to determine the ratio 
of total illuminance on a surface to the direct illuminance on that 
surface. The variation of this ratio with light distribution, room 
index, position of measurement for a given set of reflectances was 
recorded.
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The model room consisted of a 2ft cube with a moveable floor to 
alter the room index. The illuminance values were recorded using 
a photocell and galvanometer. The light sources used included 
silica sprayed spherical tungsten filament lamps similar to those ' 
used.in the VIMR.
In I.E.S. Monograph No.8 (22.9) the writer used some of the 
Bellchambers and Ackerman results to verify illuminance equations 
derived from the finite difference equations and obtained agree­
ment within 4$.
The room index equation used by Bellchambers and Ackerman was 
different from that used by the writer and only one of their 
experimental results falls within the range of the present study. 
Their result for opal spherical lamps at a room index of 0.22 
corresponds to the result given in section 17, figure 17.1, for a 
room index of 2.3. The value given for the ratio in their table 
is 1.59,,. whereas the ratio of the utilance in the standard room to 
that in the black room gives a value of 2.2. The reflectance 
values for the Bellchambers and Ackerman study were slightly 
different from those 4n the standard room;0.7 ceiling, 0.5 walls, 
0.1 floor, compared to the standard room values of 0.87, 0.45 and .
0.12, respectively, but a calculated value based on the exact
Bellchambers and Ackerman reflectances did not reduce the dis­
crepancy.
2^.4 Wiseman (1955)*
There was a fundamental difference between Wiseman's work and that 
of Bellchambers and Ackerman and of the writer.
Wiseman (22.10) sought to produce conditions in his 6ft cube model
to correspond as closely as possible to the assumptions made in the 
Moon and Spencer theoretical interreflection equations.
His model had translucent walls and ceiling, made luminous by in­
candescent reflector lamps placed outside the model. These 
surfaces were made from opal plastic and sandblasted to give a 
uniformly diffusing finish. There were no light sources within 
the model.
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Wiseman was therefore attempting to check the Moon and Spencer 
equations under conditions which would not be met in a practical 
installation.
Even given these special conditions Wiseman reported differences 
of up to 50$ between calculated and measured values which he 
concluded could not be mainly attributed to experimental error.
In the Bellchambers and Ackerman work and the present study such 
special precautions as thosd described above would have been 
inappropriate, since it was the comparison between the theoret­
ically predicted performance and that to be expected in a practical 
installation that was sought.
22.5 Ferro (1968).
In a paper published in 1968 (22.11), Ferro describes experiments 
with a model room to compare measured values of wall, ceiling and 
work plane illuminance with those calculated using the proposed 
C.I.E. method (22.12).
Ferro's model had an interesting feature that distinguishes it from 
the other studies. Instead of moving the photocell*to different 
positions on the base of the model, the photocell is housed beneath 
a hole at the centre of a large base plane which was much larger 
than the model room itself. The room structure was moved with 
respect to the base plane to change the relative position of the 
photocell.
The model housed only one incandescent lamp, and when the base was 
used to represent a wall the lamp, was mounted with its cap in the 
horizontal position, while it was mounted cap down when the base 
represented the ceiling.
The model consisted of a light metal structure of 1m cube and the 
base plane was 2m square. Three different intensity distributions 
were used and the surface reflectances were varied oveh' a wide range.
The use of a fixed position for the photocell enabled cosine correction
to be obtained by placing the cell at the back of an integrating
&phere with an aperture at the front fitted to the hole in the base plane.
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A baffle prevented direct light reaching the cell. Ferro, 
obtained differences between calculation and measurement of 
from 5$ to 15$ according to the reflectance of the surfaces within 
the model, an exception was when the surfaces were white and in this 
case differences between 25$ and 30$ were observed.
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SUMMARY OF CONCLUSIONS AND ADDITIONAL COMMENT.
In Part One the conclusions at the end of each section are numbered 
and these have been gathered together and restated below. In Part 
Two the conclusions arise in the discussion of the experimental data 
and are not numbered, these conclusions are also restated below and 
are listed under section numbers only.
Bart One 
Section 3.0
(1) The calculation of S/hm for an MPR of 0.7> for intensity 
distributions similar to those represented by the mathe­
matical functions labelled BZl to BZ9* may be based on a 
4 luminaire array without an error greater than 5% when 
compared with the 16 luminaire array values.
(2) The calculations for luminaires which have intensity dis­
tributions exhibiting a sharp cut-off or a reduction in 
the intensity in the direction of the downward vertical 
should be based on the 16 luminaire array.
(3) If the actual value of MPR is required for a given spacing to 
mounting height ratio then the 16 luminaire array should be ..- , 
used. There is no advantage in using a larger array,
(4) The conclusions of (1) and (2) apply to continuous line 
sources, but in this case two rows and four rows 
respectively should be used.
(5) Provided that the axial distribution is broad (e.g.occos0) 
discontinuous line sources may be treated as point sources 
without serious: reduction in the predicted maximum spacing 
up to the limit f/hm=1.0.
(6) When luminaires with a sharp cut-off are involved small 
alterations in the S/hm value often produce a large change 
in the MPR and the uniformity, and make such a luminaire 
difficult to use if uniform horizontal illuminance is required.
(7) The MPR values for a luminaire, ,could be used as a design 
parameter to determine if the cut-off is too sharp.
(8) When the luminaires have different axial and transverse dis­
tributions the weighted mean intensity distribution curve may 
be used to calculate the MPR without errors greater than S%»
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(9) In rooms of high room index with large areas of window,
the reflected component cannot be assumed to be uniform in 
the vicinity of the walls. This means that if the reflected 
component has been used in the calculation of MPR and this 
increases the calculated S/hm value, then the increase in 
spacing is not justified at the walls.
Section 4.0
(1) The ratio of cylindrical to horizontal illuminance is more 
sensitive than the ratio of scalar to horizontal illuminance 
with respect to changes in luminaire intensity distribution, 
position and spacing to mounting height ratio.
(2) The Ec/Eh and Es/Eh values do not reach a limit with the 16 
luminaire array and continue to increase with the size of the 
array. However, the greatest change occurs in the 4 to 16 
step and so it is suggested that the 16 luminaire array should 
be used where a standard array is required for the calculation 
of these ratios.
(3) In the most often used range of distributions, i.e., BZ3 to BZ6 
the uniformity of the cylindrical illuminance approaches that 
of the horizontal illuminance at the conventional S/hm values.
(4) The uniformity of the scalar illuminance is usually higher for 
a given S/hm value than that of either the horizontal illumin­
ance or the cylindrical illuminance, taking uniformity as the 
ratio of the minimum to the maximum value.
Section 5
(1) In the absence of a comprehensive schedule of preferred wall . 
and ceiling luminance or illuminance values, calculation of 
these quantities is seldom undertaken,.
(2) The mean values of wall and ceiling luminance are important 
installation parameters because of their effect on adaptation 
level, glare and cylindrical and scalar illuminance.
(3) When the direct flux received by the walls is calculated by 
subtracting the direct flux to the ceiling and the work plane 
from the total flux, errors in the direct and ceiling ratios 
produce even larger errors in the value of direct wall 
illuminance.
(4) Non-uniform wall luminance is often in the form of the walls 
having a higher luminance at the top than at the bottom.
This non-uniformity improves the uniformity of the reflected 
component from the walls at the work plane.
(5) Non-uniform ceiling luminance produced by increasing the 
ceiling luminance in the vicinity of the walls generally 
improves the uniformity of the reflected component from the 
ceiling at the work plane. Attempts to produce uniform 
ceiling luminance are therefore often incompatible with the 
associated aim of a uniform component of illuminance.
This remark could also be taken to apply to diffusing luminous 
ceiling installations.
Section 6
(1) From the published evidence available it would seem that 
cylindrical illuminance is a better correlate to the sub­
jective impression of adequate illuminance than horizontal 
illuminance. Scalar illuminance is not such a good correlate 
but is often better than horizontal illuminance.
(2) The geometric mean of Ec and Eh may prove to be a reliable 
index of equivalent:' illuminance in some situations and merits 
further study.
(3) The following aspects of the vector/scalar ratio and Ec/Eh 
ratio should be studied^
(1) a study to determine if changes in the lighting 
condition at a point are closely related to changes 
in these ratios.
(2) further work on observer preference.
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Part Two 
Section 16
(1) The measurements taken in this section confirm that the Bean 
and Esterson Table published in the 1968 I.E.S. Code relating 
the number of measuring points required to measure the average 
illuminance to an accuracy better than 10$ are reliable except 
under the most extreme conditions.
Section 17
Utilisation factors derived by the method of finite difference 
equations show good agreement with the measured values.
The greatest discrepancy is of the order of 10$ and most values 
are within Thus the data published in I.E.S. Technical Report
No.2 may be used with confidence.
Section 18
The measured values of ceiling : .luminance are in satisfactory 
agreement with the calculated values taking into account the 
difficulties of making the measurements.
The measured values of wall . .luminance are in satisfactory agree­
ment with the calculated values where the direct illuminance is 
fairly uniform but there are large discrepancies where the direct 
illuminance is not uniform and is highly directional.
Section 19
The measured values of the reflected component of illuminance from 
the ceiling are in good agreement with the calculated values and so 
the findings of section 3»0 conclusion 9 are confirmed. The 
measured component of illuminance from the walls confirmed the 
findings of section 5 conclusion 4.
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Section 20
4
The results show that the methods available for calculating the 
midpoint ratio are satisfactory, and the* reflected component has 
its greatest effect when the MPR value is low.
They also show that even when the MPR is well above the 0.7 limit, 
this does not ensure that the uniformity in the vicinity of the 
walls will be satisfactory.
There is a case for applying the strict minimum/maximum criterion 
over the central area of the work plane, but the less exacting 
criterion of one sixth below the average value to the peripheral 
areas. It is suggested that a suitable definition of the 
peripheral area would be "that area outside the array of luminaires".
The experimental data confirms that a reduction in the spacing at 
the walls improves the uniformity but is insufficient to enable a 
rule to be established that would ensure satisfactory unifprmity.
The results confirm that it is very difficult to achieve 
illuminance values much above 50%> of the maximum opposite the ends 
of continuous line sources. In raising the uniformity at the 
walls discontinuous line sources have an advantage,
The best uniformity would be achieved by mounting the luminaires at 
the ends of the rows as close as possible to the walls, while having 
spaces between the other luminaires in the row.
The experimental data also suggests that it would be worthwhile to 
consider using luminaires with a different distribution for the outer 
rows of installations with luminaires with a bat-wing distribution. 
This might be achieved by using the same type of luminaire but with 
the distribution altered by moving the light centre of the lamp, to 
increase the illuminance directly beneath the luminaire.
Section 21
Data is presented which shows the way in which the vertical illumin­
ance varies with orientation and position in both a black room and a 
room with a white ceiling, light grey walls and a dark grey floor.
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Equations are given for cylindrical and scalar illuminance from 
line sources and satisfactory agreement is obtained between cal­
culated and measured values. The variation of the illuminance 
ratios Ec/Eh, Es/Eh, E/Es and Edown/Eup is measured and discussed 
with regard to changes in type of luminaire, position and spacing 
to mounting height.ratio.
The modelling effects of the various lighting installations are 
illustrated and related to the illuminance ratios.
It is shown thats
(1) clearly discernible changes in the appearance of the test 
figure correspond to changes in the illuminance ratios;
(2) no one set of ratios is markedly superior with regard to 
the prediction of the appearance of the test figure for 
given lighting conditions, but the Ec/Eh ratio has the 
largest range of values;
(3) the use of a semi-specular surface had considerable influence 
on the appearance of the test figure, but its effect did not 
invalidate the use of illuminance ratios as one of the main 
parameters for indicating the lighting condition at a point.
Section 22
Some experimental work by others is reviewed and where appropriate 
compared with the present work. In one case (section 22.3) a dis­
crepancy was found between the results for the ratio of utilance 
values for the standard room and the black room and measurements 
made under similar conditions by Bellchainbers and Ackerman.
Additional Comment
The work that has been described has not included consideration of 
subjective effects such as glare or the influence of the light 
sources as objects of regard in the visual field. For this reason 
the work on modelling could be said to relate to the viewing of 
people and objects at close range rather than to the overall 
impression of an installation.
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Since no one set of illuminance ratios gives markedly superior 
results for evaluating modelling,, other aspects of the problem 
become important in deciding which of these ratios to adopt.
The argument for using E/Es, or Es/Eh is that they are easy to 
calculate at the two reference points in a conventional install- 
ation.
The Ec/Eh ratio is more directly related to the relationship between
vertical and horizontal illuminance and is therefore useful in
indicating the quality of work plane illuminance. The recent
introduction of contrast rendering factor may make the calculation
and measurement of vertical illuminance more common. In a recent
paper ''Contrast Rendition Factor Calculation and Measurement for
the Standard Classroom Task" (I.E.S. Journal (U.S.A.), Jan. 1972)
a factor related to the contrast rendering factor was introduced
which is obtained from the vertical and horizontal illuminance
at a point. The equation for this factor is
Evl + Ev2 
Eh + Ev3
where Evl and Ev2 are the vertical illuminances normal to the direction 
of view, Ev3 is the vertical illuminance towards the observer and Eh 
is the horizontal illuminance.
If the contrast rendering factor was to be calculated for the two
reference points in the installation without a specified direction
of view it might prove satisfactory to use the value of Ec.
The equation then becomes
Ec + Ec 2
Eh + Ec °r Eh ,,7T~ +-LEc
Thus the contrast rendering factor could be related to the Eh/Ec ratio. 
Suggestions for further work
Further study of the spacing of luminaires in the vicinity of the 
walls would be of value. This could be facilitated by a model 
built specifically to study this problem in which the walls could be 
moved relative to the luminaires and with a photocell trolley 
designed to travel closer to the wall than proved possible in the VIMR.
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Further work on observer preference would be of value now that it 
has been established that illuminance ratios can be effective in 
predicting changes in the modelling effects of an installation.
It would also be worthwhile to carry out an experimental investig­
ation into the value of JEcEh as an indication of equivalence of 
tptal illuminance.
Conclusion
It is hoped that the programme of work described in this thesis 
will enable lighting engineers to use the data given in I.E.S. 
Technical Report No.2 with greater confidence and understanding.
It is also believed that the extension of design procedures at 
and beyond the work plane has been facilitated by showing that 
such calculations are meaningful and enable the quality of the 
lighting within a room to be predicted and controlled.
APPENDIX ONE
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Contents of Appendix One.
A.I. Proof of the expressions for the aspect factor and sector flux 
methods of calculating illuminance from a line source.
A.2. Proof of the expressions AEoS _ ~&DR
Eo3 “ 1-DR *
A.3. Proof of the expressionss
_ A.Eo2 + B.Eol + C.Eo3 ,
E2_ A - p2 (B.fl2 + C.f31)
El= (X.E2 + Eol - Eo2) Y ;
! ' ;
and
E3=[Eo3 +.Z- (91.El + 92.E2)]n
A.4. Derivation of the expression for cylindrical illuminance from 
a line source having a cosine axial distribution.
A.5. Derivation,of the expression for scalar illuminance from a 
line source having a cosine distribution.
A.6. References.
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A.I. Proof of the expressions for the aspect factor and sector flux 
methods of calculating illuminance from a line source.
For brevity only the case of,the parallel plane is considered.
(1) The aspect factor methods 
From figure Al.l;
dE =  IoudiL  co s^ c o s 6  
% .d^
and since d = hm
cospt.cos$ J
dE = Id dX.cos^0cos%.
cos£> cos(b
so that dE= Iatcos PC. cos (*.do( , 
^ hm
which may be rewritten as
o
dE = . Ioi . cosO(. cos $. d 0< .
f  hm
2
Thus E = 1^ . 3k. cosoWfl(. cos 0> 
fhm
o
where AF =
^2 
or E = Ifr
$hm
P oC
, lot .cosoCdt* . ^
0
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Fig. A.1.1 Illuminance at a point from a line source 
the aspect factor method.
Fig. A.1.2. Illuminance at a point from a line source - 
the sector flux method.
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(2) The sector flux method:
The illuminance at p from a line source of infinite length,
E = lac cos oC .dtf.cos ,
Ihm
-JL%
which may be rewritten as,
E = JT .cos 0 
hm
where J Ic*.cos06do(.r
The expression for illuminance may be extented to semi­
infinite sources and hence to finite sources in the 
following way:
consider figure A.I.2.
The illuminance at p from the semi-infinite source shown is,
re*
° 2 Ioc.cosoCdiKcos (2>
|hm
F _  A J_ cos (5 + 
~ 2 hm'
0
lun  ^1 "A ) cos2^
where A  = h, - Ic*.cos&OdoC.
These proofs show that for the purposes of calculating 
illuminance from a line source J is an unnecessary concept, 
since its derivation depends upon a knowledge of the intensity 
distribution that it displaces.
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A.2. Proof of the expressions AEo3 _ -ADR
Eo3 ~ 1-DR
Eo3 = downward flux (1-DR) 
wall area
Let the error in Eo3 beAEo3 when there is an error in 
the direct ratio DR of 4 DR, then,
Eo3 +AEo3 = downward flux (1-(DR+ADR)) 
wall area
or.
1 + AEo3 _ downward flux (1-(DR+ADR)) , 
Eo3 Eo3 (wall area)
and so,
1 + AEo3 _ downward flux (1 -(DR-fADR)) 
Eo3 downward flux (1-DR)
giving.
AEo3 = -ADR + (1 - DR) 
Eo3 (1 - DR)
, AE o3 _ -ADRhence, £o3 .
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A. 3. Proof of the expressions:
E2 = A.Eo2 + B.Eol + C.Eo3 
A - f>2 (B. fL2 + C.f31)
El = (X.E2+ Eol - Eo2) Y , •
and
E3 = jjEo3 + Z (91.El +p2.E2)J N .
The room is considered to consist of three surfaces; 
surface 1 is the ceiling, surface 2 is the work plane and 
surface 3 is the walls.
The following assumptions are also made:
(1) the surfaces are uniformly diffusing,
(2) the initial illuminance of each surface is uniform,
(3) the final illuminance of each surface is uniform,
(4) the ceiling does not directly illuminate itself, 
i.e., fll=0,
(5) the work plane does not directly illuminate itself, 
i.e., f22=0.
The transfer function fab has been defined as
flux received by surface b 
flux emitted by surface a
Th;Ls function may be given an alternative meaning, which is
developed as follows:
fab = area of b x Eb . 
area of a x Ea
Also, area of b x Eb _ area of a x Ea (reciprocity 
17 La TTLb theorem)
therefore, „ , _ area of a x Ea _ Ea
a area of a xTTLb TTLb
or
—  = fab.Lb. IT
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This enables the illuminances to be written directly in terms 
of the luminances of the emitting surfaces. It should be 
noted that in this form the meaning of the order of the 
identifying letters or numbers is reversed, a now referring 
to the receiving surface, while b refers to the emitting 
surface.
The required equations may be written as,
Ll/pl - fl2.L2 - fl3.L3 = Eol/ff .......... .(1)
-f21.Ll + L2/£2 - f23.L3 =    (2)
-f31.Ll - f32.L2 + (l/?3-f33)E3 =Eo3/n .....---(3)
Solving for L2,
1/91 Eol/yj- -fl3
-fl2 Eo2 ff$ -f23
-f31 Eo3/n (l/^ 3-f33)
1/pl -fl2 -fl3
-f21 ve2 if23
-f31 -f32 (l/p3-f33)
Noting that f23=fl3 and f32=f31 
the solution is,
Eo2(l/Pl(l/P3-f33)-f31.fl3)+Eol( (l/|?3-f33) ;fl2+fl3.f31)+
Eo3(l/glfl3+fl2.fl3)
l/Pl(l/P2(l/p3-f33)-f31.fl3)+fl2(-fl2(l/93-f33^ -f31.fl3)- 
fl3(fl2.f31+f31.l/P2)
which may be written as,
A.E62 + B.Eol +C.Eo3 
! I/92.A- B.fl2 - C.f31
giving
tto - A.Eo2 + B.Eol + C.E03 
A - ?2(B.fl2 + C.f31) *
where, ;
A = l/pi(l/P3 - f33) - fl3.f31, 
B = fl2(l/(>3 -:,f33) + fl3.f31, 
C = fl3(l/Pl + fl2),
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fl2 = Ds, fl3 = 1-Ds, f31 
f33 = l-(l-Ds)Rr.
I'or a square room,
1-Ds . Rr
Rr = width of room'2.x'height of ceiling above work plane. 
Rewriting equations 1 and 2,
Ll/Pl - fl3.L3 = Eol/fo. + fl2.L2 
-f21.Ll - f23.L3 = Eo2/fr - L2/p2
(Eol/jj + fl2.L2) - fl3
(Eo2/fa - L2/?2) - f23
LI =
1/ei -fl3
-fl2 -f23
Noting again that fl3=f23
TrT1 = TlL2(l/p2 + f!2) + Eol - Eo2 , 
L± f l2  + 1/P I
giving,
El = (X.E2 + Eol - Eo2) Y, 
where X = (.1 +?2.fl2), and Y = P I . f12+1 •
Finally, transposing equation 3 gives:
= Eo3/iT + f.31.Ll + f 32L2 
6 ( l / P 3 - f 3 3 ) .  ~
and
so
or
E3 = Eo3 + .f31 .P l.E l +f32.P2.E2 ,
" 1 + 3 .f3 3  ~
again f31=f32,
E3 = [ eo3 + f31 (P l.E l +P2.E2)] j - j t -P3.f33
E3 = [eo3 + Z (Pi.El + p2.E2)]
where,
N
Z = f31 and N =
1-P3.f33 *
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A.4. Derivation of the expression for cylindrical illuminance 
from a line source having a cosine axial distribution.
Consider figure A.4.I5
Intensity of element dx in the direction of point P,
= I<? cos^.dx .
T
2x = hm.tan<x, therefore, dx = hm .sec o(.dx. 
cosE? cos(2>
Also, cos (5 = hm__________   so that hm = jtan^+l.hm
L 2 ,2 , '2 ’ cos ftVtan $ .hm + hm v
2 I 2---dEcp = l£ . cos#.cos Q.sinB.hmy/ tan ft+l.da<,
Tlfhm cos^oC
= I & . c o s 2Q.s in 9jtan2g+l. ,w 
TTlhm cos 0^
Now, cos0- cos@cos<X 
= cos oC 
yj tan^+l
and sin0= J l - cos § 
= !l - cos "VI
=1 tan2ft+sin2#(.
tan2@+l
Thus dEcp = I& . cos2p( . / tan2ft+sin2oC .Jtan^+1 . d&.
^  tanVl J tanV C°St*
= I . cos2£ 
TTfhm
cos0(. Jta,n%+ sinocj
A.4.1. Cylindrical illuminance at a point from a line source.
Ecp = Ie» cos tan%
TT|hm Jo
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2
+ sino<. d(sinoO.
let tan£> = q and sinp(= u ,
then,
j 2 2~I tan @ + sin o(.d(sim>0 =
'-'O
|(q2+u2) i  du =  u (q2+u2) i  -
2 2 — r= u (q +u )2 — J
H=.G.rc s'mOC
J q 2 +u2 .du.
U' o
u . f ( q 2+u2) “ 2 .3u.du.
" 2 , 2  2 q +u
9 2 — P 9 9 —
u (q +u )2 - (q +u )2
(q2+u2)2 (q2+u2)2
r   ^  ^ 1 r  2 ,
+
J
2 i^g du
dui
(q2+u2P
therefore
J '
(q2+u2) 2du = u(q2+u2) 2 +  q2lo g £ u  + (q2+u2) 2J 
u(q2+u2) 2 + q2log £ u4-(q2+u2) 2]and I (q2+u2) 2du = b
replacing q by tan^and u by sin(^gives,
s in#ytan2£+ sin^ C. + tan2@log (s in^ (+ J  tan2£+s in2oC) 
Inserting the limits gives,
sin^tan £+sino( + tan ^ log(sinb(+J tan $+ sinoC) - tan @log tan£
Thus,
Ecp 2^pim L
sin&C.cos^*^s in^+s i n^( co s ^  +s in% [Log (s inO(c os$+ 
^sin^+sin o(cos2§ ) - log sin(S>J
2rr]
sino(. cos^l-cos2o(.cos2^ 4-sin^ .^og(sino(. cos^ H- 
yi-cos^cos2^ ) - log sin p.]]
This is the expression used in section 21.3.
If we consider the case of = Imax. cos i.e. a cosine transverse 
distribution as well as cosine axial distribution, the expression 
becomes :
Ecp = Imax cos$
2|hm tt
sin of. cos%Jl-cos\(. cos p+sin2(i [log( sin\)(, cos£+ 
^ W £ " ) - l o g  sin@J
This expression should be identical with that published by 
Gutorov and Nikitina (A.4.1).
Using the notation given above, their expression is:
Imax cos£
2fhm7[
sinfif.cos^ /l~cos'o(eos2fl> + sin^|log(sinf(cos§>+
Jl~s in^ of c o s 2$) - log sin£>J
The two expressions differ by the term; marked with an arrow.
2 2 Gutorov and Nikitina have sin dL in place of cos 0(.
This difference can be attributed to a copying or printer’s error 
since the table given by Gutorov and Nikitina has values which 
agree with those obtained from the expression developed by the 
writer.
Derivation of the expression for scalar illuminance from 
line source having a cosine distribution.
Consider figure A.51>
Intensity of element dx in the direction of point P,
= Io costtf.dx
2
x = hm. tanb(, therefore, dx = hm.sec oC.dx,
cos/5 cos (3
2 2 2 dEsp = Ifecos0(.hm.sec kcos o(.cos <3.dK
4lbi cos6
= 1$ coso(.cos(2).dft: 
4lhm
cos 0(. cos/2), dfic
ec
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A.2.2 K factor program.
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A.2.4 Flow diagram - program for central quadrant 
illuminance calculationss Eh, Ec and Es.
A.2,5 Flow diagram - program for discontinuous line sources.
A.2.6 ’Flow diagram - program for continuous line sources.
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A.2.1 Introduction.
All the programs except A. 2.3* which was written in Fortran, 
were written in Algol 60.
The K factor program is given in full because it may be of value 
to those who wish to use the K factor method of calculating the 
flux distribution from practical line sources.
The program given in A.2.4 is the final version of the early 
program for calculating midpoint ratios, after it was altered 
to give point by point values of Eh or Ec or Es for the central 
quadrant of the luminaire array.
The programs were tested by calculating values by hand.
A.2.2 K factor program.
The axial intensity data must be supplied in per unit values of the 
maximum value, at 5° intervals from 0° to 90°„
BEAN7;
BEGIN REAL ARRAY (1:19b REAL INC,FUNG,SUMI,SUM2,X,LFC,LFS,ALPHA, J , M 
INTEGER I, K, LINE, L; INTEGER ARRAY TITLE (1:20);
L:=l; INSTRING (TITLE,L);
FOR I:=l STEP 1 UNTIL 19 DO READ A(l);
LFS s=LFCs=0;
PRINT S6 ' TABLE OF K FACTORS FOR7; L:=l;
OUTSTRING (TITLE,L); PRINT ^ L^ ;
PRINT ^ LS /F(HHlbs3/ ApP,HA S5'KvLb LINE:-3;
FOR I;=l STEP 1 UNTIL 18 DO 
BEGIN INC:=(A(l+l)-A(l))/5;
IF I = 18 THEN M:=5.1 ELSE M:=4.51;
FOR J:=0 STEP 0.5 UNTIL M DO
BEGIN ALPHA; =( 1-1 )'X~5+J; X:=ALPHA--0.017453;
FUNC: =A (I)+J^INC;
IF ALPHA=0 THEN SUMl:=SUM2:=0 ELSE
BEGIN SUM!: =SUMl+(LFC+FUNC*x'COS(X))-*0.00436332;
SUM2:=6UM2+(LFS+FUNC-"-SIN(Xb-0.00436332;
END
PRINT SAMELINE, ALIGNED(2,3). FUNC,XX S3 ^  ALIGNED 
(2,1),ALPHA, ^ S3//ALIGNED(2,4),
(SUMl-SUM2-*C0S (X)/SIN(X) )*0.35, L/7;
LFCs=FUNC«-COS(X)| LFS s=FUNC*SIN(X);
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A2.3 Flow diagram - program for point sources with different 
axial and transverse distributions„
START Read array size N and 
SI and S2
N is the number of 
luminaires in each 
line and each row
v
Set
M to -2
Set line 
Count 
I to 0
-V
v
Set row 
Count 
J to 0
Calculate 
transverse and 
axial angles 
at point I,J
3
This count causes El 
to be calculated first 
and then E2
Select axial 
and transverse 
intensity functions
Calculate
required
intensity
AV E )
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NO
YES
NO
YES
To
To
Add 1 to J
Add 1 to I
Add 1 to M
Calculate 
illuminance 
add to previous 
values
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No ToM =
YES
Print
Midpoint ratio
STOP
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A.2.4 Flow diagram - program for central quadrant illuminance 
calculations: Eh, Ec and Es.
START Read L and N
V
L=l,2 or 3 selects 
Eh, Ec or Es to 
be calculated
N=1 restricts the 
Calculations to a 
16 luminaire array
NO
Read
intensity
values
Set count 
M to 0
Set M
Set S=0.2
Calculate and 
print illumin­
ance matrix
Add 0.2 
to S
37 jntensity values ag 
2.5 intervals from 0r o
to 90 read and stored
M is stepped from 0 to 3 
to change size of array 
4,16,36 and 64 luminaires
S is the spacing between 
luminaires and varies 
from 0.2 to 2.0.
YES
(rok^
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YES ' STOP
N=1
NO
Add 1 
to M
M/<3
YES
-2.5 Flow diagram - program for discontinuous line sources
^START
Calculate 
aspect factors 
from 0 to 90° 
and store.
/ Read 
/ S and L
Print out 
the midpoint 
ratio
Calculate El 
and E2,
Calculate
transverse
intensity
Calculate the 
aspect angles 
for each 
reference point
Read
intensity
data
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A.2.6 Flow diagram - program for continuous line sources.
START
V
Print Bz 
number and 
midpoint 
ratio
YES
YES
NO
STOP
Add 0.5 
to S
Set N to 1
Set S to 0.5
Add 1 to N
for each BZ 
distribution 
calculate El 
and E2
S sets the spacing 
between the rows.
S varies from 0.5 
to 2.5
,N has the values 1, 
and sets the size o 
array to 2,4?6 or 8
2,3 and 4'- 
f the 
rows.
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